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This research demonstrates the usefulness of  veterinary radiographs as a resource for furthering 
understanding of  epiphyseal fusion in nonhuman primates. There are a range of  benefits in using 
radiographic records as opposed to dry bone analysis, not least that it has the potential for 
longitudinal studies, and there already exists a wealth of  data in zoos and similar institutions. 906 
radiographs were described, depicting individuals from 25 different species of  primate. All the 
radiographs were from Bristol Zoological Gardens, and all had been gathered for medical or care 
reasons. Focusing on the long bones (humerus, radius, femur, and tibia), a novel methodology is 
presented in which a nine stage scoring system is used to describe the formation, and fusion, of  the 
epiphyses. This adds greater detail and nuance to previously published work on nonhuman primate 
epiphyseal fusion. The proximal humerus is most often statistically significant in the correlation 
between chronological age and epiphyseal fusion stage. The results are compared to behavioural 
markers of  ontogeny such as weaning and puberty. It is demonstrated that some sexually 
monomorphic species exhibit rate hypermorphosis in one sex in regard to their epiphyseal fusion. 
We see that, in some species, the continued visibility of  the epiphyseal scar can be used to determine 
the age of  an individual. It is further demonstrated that the proximal femur is the first long bone to 
reach full fusion in the majority of  species studied.
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There is a great deal of  knowledge to be gleaned from skeletal material. The “experimentation with, […] 
and analysis of ” the skeleton is a well-established methodology within biological anthropology and its 
associated fields (Percival and Richtsmeier 2017: 1-3). Radiographic analysis of  the human skeleton stems 
from the earliest development of  the technology in the late nineteenth century (Franklin et al. 2016), and 
studies of  the changes that occur between immature and mature human bone are both extensive and fruitful 
(Percival and Richtsmeier 2017: 2-3). In comparison, the vast majority of  analysis which has thus far been 
conducted upon the maturation of  the skeletons of  non-human primates has relied upon physical inspection of  
the bones of  deceased individuals (e.g. Gordon et al. 2013; Cheverud 1981; Bolter and Zihlman 2003; 
Zihlman et al. 2004; Glassman 1983; Bolter 2011; Flores and Casinos 2011). Even rare studies on non-human 
primates conducted with the use of  radiographic materials have exclusively used cadavers (Hofmann et al. 
2007). An exception to this use of  deceased individuals is research conducted by Smith et al. (2013), who 
ingeniously used photography to document the dental eruption of  yawning wild chimpanzees: however, this 
only enables analysis of  eruption above the gingival layer. Therefore, we suggest that the creation of  a novel 
methodology, using radiographs of  living individuals, is an overdue and valuable addition to the study of  
non-human primates. 
The main objective of  the research described here is to determine whether veterinary radiographs are a 
suitable resource for ascertaining the age of  nonhuman primates. There are several further research 
objectives that stem from the various established questions which bone development can inform. As suggested 
by Schultz (1969), does relative size determine growth patterns, and is this visible in the timing and sequence 
of  epiphyseal fusion? Does biological ontogeny correspond to changes in behaviour? Where life history stages 
such as weaning are known for the species described here, they will be applied to the data on epiphyseal 
fusion in order to ascertain any correlations. Do males and females differ in the timing and sequence of  
epiphyseal fusion? Where radiographs are present for both male and female primates, they will be compared. 
This will allow the hypothesis that sexually monomorphic species mature at the same rate to be tested, as well 
as increasing our understanding as to which species demonstrate time hypermorphosis (in which the larger 
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sex takes longer to grow to full size), and in which the larger sex grows more rapidly (rate hypermorphosis). 
Are the timing and sequence of  epiphyseal fusion determined by phylogenetic relationships and the existence 
of  shared common ancestors? Within the research presented below is a variety of  comparisons between 
species, genera, and families, which are presented as a means to reveal further information regarding the 
phylogenetic relationships between the taxonomic groups. The ability to sequentially and comparatively 
examine the skeletal maturation sequence of  primates, as presented below, will generate data that can test this 
hypothesis further by comparing the sequence and growth pattern of  both closely- and distantly-related 
species (see especially the relationship between Callimico goeldii and other Callitrichidae). It is hoped that this 
tentative comparison will inspire others to perform more detailed phylogenetic analysis on data of  this type. 
As indicated above, research conducted upon the skeletal maturation sequence and timing in primates 
attempts to answer a range of  questions. These can be roughly grouped into four categories: life histories, 
evolution, differences between captive and wild populations, and understanding phylogenetic relationships. 
Bolter (2011) also suggests that variations in locomotor activities impact the sequence and timing of  
epiphyseal fusion. Of  course, these apparently distinct themes overlap to some degree. The research 
presented here can be applied to all four of  these topics of  study. It can be used to compare to behavioural 
markers of  life histories, in order to grant greater understanding of  the correlation between these and 
morphological milestones in a wide range of  species, granting insight into the pay-offs necessitated by various 
ecologies. It can grant a deeper insight into both non-human and human primate evolution, using the species 
studied here as proxies for extinct forms. As the data described below comes from captive-born, living 
individuals, it can be compared to wild populations of  the same species, in order to increase our 
understanding of  the variations potentially caused by factors such as diet and stress, allowing for better-
informed policies regarding captive welfare. An example of  this is discussed by Aronsen et al. (2013), in their 
brief  description of  the life history stressors identifiable in the skeleton of  a lowland gorilla (Gorilla gorilla 
gorilla). This information regarding skeletal maturation can also be used to examine phylogenetic relationships 
between species, genera, and families. These research themes will be discussed in the next chapter, following 
this categorical system. Prior to this, an overview of  what is meant by epiphyseal fusion and its significance 
will be presented, followed by a brief  review of  the use of  radiographs to ascertain the age of  humans and 
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non-primates. Literature specific to the genera represented by this data set will be discussed in the literature 
review. 
A key aspect of  the research presented here is that, in most instances, the individuals were alive at the time of  
x-ray. Use of  deceased animals creates two major problems. The first is that it is only possible to get a single 
datum point for each individual. The second is that the premature death of  juvenile primates, which 
facilitates their analysis, may be due to pathologies that affect the development of  the skeleton, therefore 
potentially yielding results which cannot be used for comparison with healthy individuals (Machanda et al. 
2013: 138). In some cases, however, pathologies are accurately recorded (Cheverud 1981). The research 
presented here attempts to overcome both of  these problems and create a reference for understanding the 
skeletal maturation timing and sequence of  a range of  non-human primates. A relevant, extreme example 
from the data described here is of  a juvenile Howler monkey (Alouatta caraya), whose metabolic bone disease 
resulted in an inability to cling to branches, and thus to a fatal fall. As the associated veterinary notes contain 
detailed information on the pathology of  this individual, it is not included in the main body of  analysis, and 
therefore did not impact the results. For several of  the species described herein, such as Hapalemur alaotrensis, 
information regarding the ontogeny of  the skeleton is minimal or non-existent in the current literature. Both 
the quantity and type of  data described add detail to the scholarship. 
Gordon et al. (2013; see also Cray et al. 2012) discuss four further problems that can arise from the use of  
skeletal collections, as opposed to radiographic records, for analysis of  this type: repeated measuring can, and 
does, damage the originals (as does taking casts); the taxonomic information associated with many museum 
specimens is often dated, which can lead to confusion; in some older specimens, the country of  origin is given 
as ‘Africa’; and the quality and style of  field data varies considerably, even within the same collection. It 
should be noted that they do, however, state that the Powell-Cotton collection does not suffer from many of  
these problems (Gordon et al. 2013: 13-16), although skeletal assemblages contained within may present some 
of  the difficulties associated with the use of  dry bones. Furthermore, when discussing research on mandibular 
bone density, Dechow (2017: 128) expresses frustration that there is an “overall unavailability of  appropriate 
cadaver material”, limiting research possibilities into humans and nonhuman primates. These problems are 
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avoided here by using radiographs of  animals with detailed associated veterinary notes; therefore no damage 
is caused to the skeleton in the acquisition of  the images, and accurate information is kept alongside. No 
unnecessary damage is caused to the individual in any form, either: the radiographs were not gathered for 
the purpose of  this research so the primates were not exposed to undue radiation, medication or stress. In 
regard to Dechow’s (2017) concern about available skeletal material, this is also negated through the use of  
routinely gathered radiographs, which, as part of  standard zoo practice, exist in abundance. 
The data set that allows for this novel approach derives from the radiographic collections from Bristol 
Zoological Gardens, which they kindly supplied for analysis, and consists of  x-rays of  25 different species, 
from 12 families (see Table 1.1). Further information on the data can be found in chapter three. The 
individual primates were x-rayed for a variety of  routine and medical reasons, such as injury, for regular 
health check-ups, as part of  being hand-reared, and prior to transfer to another institution. The majority of  
the radiographs are of  individuals who were alive at the time of  the x-ray. Those for whom the radiograph 
represented part of  the post-mortem procedure (infants and neonates) are described in the appendix. Analysis 
of  data of  this type solves both the major problems described above. Firstly, multiple data can be collected 
and analysed from a single individual, charting its growth. Secondly, primates suffering from pathologies were 
well documented by the veterinary team, allowing for their separate analysis from those of  healthy 
individuals. It also negates problems stemming from potential damages to skeletal remains, and from a lack 
of  information associated with their acquisition. Furthermore, where the epiphyseal fusion is discussed, more 
detailed stages are included, which both adds more detail to the analysis, and extends the potential for 
accurate ageing of  individuals further into adulthood. This is discussed in greater detail in chapter three. 
As indicated by the variety of  the literature review, the implications of  this study are varied. It can be used to 
increase the academic understanding of  primate life histories, which is valuable as this can help us 
understand the evolutionary and physiological trade-offs which exist within an organisms’ lifetime. Having a 
detailed understanding of  the epiphyseal fusion of  primates has further implications for our evolutionary 
understanding, as it can be used to ascertain the age at death, and potentially the life history schedules, of  
extinct species by comparing the fusion sequences to that of  extant species. It could also be used to, 
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potentially, ascertain age at death of  fossilised individuals. Whilst beyond the scope of  this thesis, data of  this 
type has the potential to be used for phylogenetic analysis: it has been previously indicated that there exists 
relationships between ontogeny and phylogeny, and this needs further investigation. There already exists 
literature which suggests different growth trajectories between captive and wild populations of  primates, and 
this study on the epiphyseal fusion of  captive individuals has the potential to be used to add to this literature, 
illuminating the developmental changes which may occur due to changes in environment. Understanding the 
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Table 1.1: The species represented by the radiographs
(Sub)Family Genus
Species Number of  
individuals
Aotidae Aotus A. griseimembra (A. trivirgatus)
Five
Atelidae 





Callithrix C. geoffroyi Thirteen





Cebidae Saimiri S. s. sciureus Thirty-two
Cercopithecidae
Cercopithecus C. neglectus Two
Mandrillus M. leucophaeus Two
Trachypithecus T. auratus Six
Macaca M. fascicularis Three
Cheirogaleidae Microcebus M. murinus Ten
Daubentoniidae Daubentonia D. madagascariensis Four
Hominidae Gorilla G. g. gorilla Two





Hapalemur H. alaotrensis Six
Lemur L. catta Five
Lorisidae Nycticebus N. pygmaus Seven
Pitheciidae
Pithecia P. pithecia Seven
Callicebus C. cupreus (Plecturocebus cupreus)
Two
normal growth schedule of  a species, or at least captive populations, yields the potential boon to veterinary 
care as it may allow for pathologies to be diagnosed earlier, and with greater ease. Furthermore, this project 
increases the understanding of  bone itself, specifically the ontogenetic remodelling processes. 
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2. Literature Review 
2.1 Bone Growth and Dental Development 
The relationship between chronological age, biological age, and skeletal development is at the crux of  this 
dissertation, and their correlation can be used to ascertain the age of  an individual both in life and death, 
which is information which can be acquired through the use of  the methodology and data presented here. By 
looking at the shape of  the joint surfaces of  bones, and how they attach to the main body of  the bone 
(diaphysis), one can determine the biological age of  an organism. By looking at the development of  the 
dentition the same outcome can be achieved. Biological anthropologists use these developmental processes as 
markers of  skeletal maturity (Brimacombe 2017: 325). In an immature organism a limb bone typically 
consists of  three parts (the diaphysis, and the proximal and distal epiphyses) which fuse into a single bone as 
the animal matures (O’Conner 2000: 92). This process is referred to as ‘epiphyseal fusion’. In humans, 
analysis of  this is most often, although not exclusively, used in archaeology and forensics to ascertain age at 
death. Perhaps most importantly, “for the non-adult [human] skeleton, ontogenetic changes are relatively 
similar between individuals” (Burrell et al. 2018: 94), although epigenetic and ecological factors can influence 
this (Roberts 2012: 128). Therefore, with enough data, it is possible to make generalisations at the species 
level. This is why a distinction is made between biological age and chronological age; while one expects them 
to be related, they are not always exactly the same.  
Focusing here first on the bone, the use of  epiphyseal fusion as a marker of  age relies on the fact “each bone 
of  the skeleton has a main primary ossification centre that appears in a certain age range, with accompanying 
epiphyses that appear and fuse also in certain age ranges” (Roberts 2012: 128); so the rate of  ossification 
(bone growth) can be used to ascertain biological age. This growth at the ends of  the long bones is a “very 
ancient pattern”, although it is not present in birds or reptiles (Brimacombe 2017: 325-326). The bone is 
initially formed as a cartilaginous frame, which gradually ossifies (is replaced with bone cells) (Roberts 2012: 
128). In order to allow for continued movement during growth, the joint surfaces are initially separate from 
the length of  the bone, allowing the diaphysis to grow. As an organism reaches full size, the epiphyses fuse 
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with the diaphysis, preventing further growth (figure 2.1). The conventional understanding as to why growth 
ceases is that it is due to the fusion of  the epiphyses, however it has been observed that growth stops prior to 
fusion, indicating that epiphyseal fusion is a result, not a cause, of  growth cessation (Nilsson and Baron 2004: 
370). 
 
Analysis of  the epiphyseal fusion of  the long bones is used for ascertaining skeletal age in a broad range of  
vertebrates, including (but not limited to) rats (Martin et al. 2003), gazelles (Munro et al. 2009), and cetaceans 
(Morgan and Thewissen 2012). Bolter (2011: 3) states that the proximal humerus is the last long bone to fuse 
in monkeys. The fusion of  the growth plates marks the end of  the growth period of  the individual animal, 
although the timing and sequence varies greatly. For example, whilst the research was not conducted 
explicitly upon bone length (and, instead, overall body measurements) Abavandimwe et al. (2015) demonstrate 
that mountain gorillas achieve adult size at a younger age than do western gorillas. 
Similar processes of  predictable development are observable in the teeth. All primates have two sets of  teeth. 
The first are known as the deciduous teeth (or sometimes “milk teeth”). These emerge in infancy, although 
development begins in embryonic life and continues until late adolescence (Burrell et al. 2018: 95). They are 
gradually replaced by the permanent dentition (figure 2.2). Burrell (et al. 2018: 94) suggest that, in the 
archaeology of  immature humans, the dentition is the most reliable method for ascertaining age at death. 
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Figure 2.1: Ossification of  a long bone (Encyclopedia Lubopitko [no date])
This is due not only to their development, but also to relatively predictable patterns of  wear, at least within 
populations. 
2.2 Using Radiographs to Ascertain Age 
The use of  radiographs to ascertain skeletal age in humans, and some domestic animals, has been used 
extensively, as the process of  epiphyseal fusion can be seen clearly through the use of  x-rays (Bogin 2001: 
93-94). This methodology is employed herein, and can be used for many of  the same purposes as previous, 
related, research, such as ascertaining the age of  living individuals (which can only be done through the use 
of  radiographic imaging) and furthering the academic understanding of  skeletal changes relating to growth. 
These studies include large scale longitudinal radiographic studies, although, of  course, dry bone analysis has 
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Figure 2.2: Human dental eruption (Hillson 2005)
been conducted as well (Brimacombe 2017: 326). Cameron (1993: 10) even goes so far as to say that there are 
changes which occur as the skeleton matures which are “only visible with the use of  radiographs [emphasis 
added]”. The ease at which the long bones can be observed has made them a frequent focus of  studies of  this 
type (Brimacombe 2017: 326), however the analysis of  a range of  skeletal elements has been employed. 
Looking forward to the future of  this methodology, an automated artificial intelligence has been designed to 
help ascertain skeletal age from radiographs of  humans (Tajmir et al. 2019). 
Arguably one of  the most important methodologies for ascertaining human skeletal age from radiographs is 
the Tanner-Whitehouse II Method (Tanner et al. 1975). This was an updated version of  their previous system 
(TW1), which used a nine-stage scoring system to describe the epiphyseal fusion of  the bones of  the hand 
and wrist, based on radiographs (Tanner et al. 1975: 4-8). These data were used for both discussing skeletal 
maturity, and as a means of  predicting adult height. Whilst perhaps the best known, the Tanner-Whitehouse 
Method (TW2) is not the only system for ascertaining age from radiographs, or even from radiographs of  the 
wrist. Schmidt (et al. 2007) compared the Greulich-Pyle (GP) method, which is a radiographic atlas method 
which describes a range of  indicators of  maturation (Urschler et al. 2016), and the Thiemann-Nitz (TN) 
method, also a radiographic atlas, but using amore recent sample than GP (Schmeling et al. 2006), in order to 
ascertain which was the most reliable. Urschler (et al. 2016) compared the GP and TW2 methodologies in the 
context of  radiographs and MRIs, in order to ascertain whether these methodologies, designed for use with 
radiographs, could be used with MRIs and therefore remove the need for exposure to ionising radiation. The 
use of  radiographs of  the wrist to ascertain the age of  humans has been in the news in the last few years, as it 
is a methodology which has been employed in an attempt to determine the age of  asylum seekers, as has x-
rays of  the dentition (Schmeling et al. 2006; Bassed 2011; Branson 2012), although this has proven 
controversial both on ethical and methodological grounds (Urschler et al. 2016).  
Jaqueira et al. (2010) provide a comprehensive evaluation of  the established methodologies for ascertaining 
human skeletal maturation through the analysis of  cervical vertebrae. They analysed three established 
methodologies, and concluded that, whilst all three are accurate enough for clinical application, the 
methodology proposed by Baccetti et al. achieved the best results in inter-observer comparisons. Jaqueira et al. 
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(2010) identify a benefit of  the analysis of  cervical vertebrae: it can be done through the use of  routine 
orthodontic x-rays, as opposed to subjecting the patient to a second dose of  radiation, potentially necessary 
for using the Tanner-Whitehouse system, which is based upon the wrist bones. In another study conducted 
upon human vertebrae, Albert and Maier (2013) use a four-stage system, developed by Albert and Maples, to 
assess the fusion of  cervical vertebrae. They conclude that the cervical ring union showed only a moderate 
correlation with known age at death. Since the creation of  Risser’s staging as a methodology for the use of  
the iliac crest as an index of  human skeletal maturation in 1936 (Scoles et al. 1988) its reliability has been 
debated. Wittschieber et al. (2013) used two forms of  Risser sign grading, and concluded that it is suitable for 
forensic age diagnostics. Yang et al. (2014), however, state that this methodology is “reliable but not accurate”. 
Dental radiographs have also been used in a study estimating human biological age (Burrell et al. 2018) 
It is not only with studies on humans that radiographs are employed. In zooarchaeology, it is standard 
procedure “to x-ray the limbs at particular points in the animals life, ideally taking repeated x-rays of  one 
cohort as they mature” (O’Connor 2000: 93), thus creating a longitudinal atlas of  bone development. This 
has been done with a range of  species, including cattle, sheep, and deer. These x-rays, of  modern domestic 
animals, are used to ascertain the age at death of  animals found in archaeological contexts, allowing 
researchers to build up an idea of  the ways in which these animals were used historically. 
2.3 Life histories 
The study of  skeletal maturation sequences in primates is often a means to understanding their life histories 
(Percival and Richtsmeier 2017: 1). This is valuable information as it can illuminate aspects of  an organisms 
life history which might be obscured by other methodologies, namely the way that life history trade-offs are 
demonstrated in the development of  the skeleton and dentition. Life histories are variously described as 
“measures of  investment in growth and reproduction” (Borries et al. 2013: 1); assessment of  the “chronology 
of  development and reproduction” (López-Torres et al. 2015: 2); “timing of  reproduction, fecundity, and 
longevity” (Gould 1977: 289-290); the “biographical method” (Langness 1965); and “interactions among an 
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organism’s energy investment, environment, and ecology, as well as the relationships among aspects of  the life 
cycle” (Smith 2013: 192). While, at first glance, these definitions may seem somewhat varied, the inclusion of  
growth, timing, and life-cycle markers are demonstrably key aspects of  this field of  study. Schwartz et al. 
(2006: 1201) go so far as to describe dental development in primates as a “critical” component of  the study of  
their life histories. Both Dechow (2017: 145), and Burr and Organ (2017: 148), postulate that the ontogeny of  
the skeleton, and its variation between species, has more to do with ensuring the survival of  the infant at that 
particular point in its life history than with the development of  adult characteristics. However it is likely that 
it is, in fact, a combination of  both factors; the form of  the skeleton and dentition during infancy must 
support the survival of  the individual in order for them to reach maturity, but it must also result in an adult 
form which is suitable for survival and reproductive success. 
The association between biological and behavioural life history events is most clearly evidenced by the 
correlation between the eruption of  the first permanent molar (M1) and behavioural markers of  maturity 
(i.e. weaning) (Smith et al. 2013). In catarrhines, for example, its eruption is often described as coinciding with 
the end of  infancy (Zihlman et al. 2004: 10541). Schwartz et al. (2006) show that M1 eruption occurs in 
gorillas earlier than in chimpanzees, and postulate that this is indicative of  a faster life history schedule. Bolter 
(2011: 1) discusses the correlation between M1 emergence and 90-95% of  brain growth. However, a more 
recently published study indicates that it is not as definitive as previously believed. Smith (2013) points out 
that, while in 14 primate species M1 eruption does correlate with weaning; in orangutans, gorillas, and 
chimpanzees M1 erupts prior to weaning, and in humans it erupts afterwards. Humans are also unusual in the 
relatively early eruption of  the canines (Fleagle 1988: 41). This does imply, however, that the correlation 
between dental development and weaning is present in primates other than apes.  
Schultz’s rule adds a little more nuance to the debate over the correlation between size and growth. 
According to this theory, the teeth (or more specifically the molars) of  “fast-growing and shorter-lived” 
primates will erupt earlier (Jogahara and Natori 2012: 193) and, conversely, the eruption of  the last two 
molars will occur later in larger and more long-lived species (Fleagle 1988; Turley and Frost 2014). However, 
just as molar eruption does not necessarily coincide with weaning, Hogg and Walker (2011) demonstrate that, 
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in Cebidae, ecological factors have a greater impact on the timing of  dental eruption than do either body or 
brain mass. Bories et al. (2012: 4) also emphasise ecological factors in life history values both intraspecifically 
and within a single population. This suggests that it is not, in fact, only apes which are outliers. Bolter and 
Zihlman (2003: 99) point out that the assessment of  the life-history stages of  primates differs between those 
who study living individuals, and those who use skeletal remains. The research presented here offers a means 
to bridge this gap, using analysis of  the skeletons of  living animals. 
Life history theory has also been applied to the study of  sexual dimorphism. In sexually dimorphic primates 
the prediction is that the larger sex should either mature later (time hypermorphosis), due to the extra time 
needed to reach their full size, or faster (rate hypermorphosis) (Flores and Casinos 2011: 744). Conversely, 
individuals of  sexually monomorphic species should mature at the same rate, regardless of  sex. This 
corresponding hypothesis has been demonstrated in Aotus azarai, who exhibit the same growth rate whether 
male or female, with the exception of  the timing of  the eruption of  the canines, these being the species’ only 
anatomical feature which is not sexually monomorphic (Huck et al. 2011), with a similar result being found by 
Zihlman et al. (2004) in a study on the canines of  wild chimpanzees. In a discussion of  the ontogeny of  the 
morphology of  the craniofacial skeleton, Percival et al. (2017: 26) emphasise the relationship between the 
pattern of  growth and adult sexual dimorphism. In a study on Macaca mulatta, Cheverud (1981) observed that, 
whilst there was no sexual variation in the sequence of  epiphyseal fusion, the joints of  the females fused 
earlier, especially those of  the elbow and knee. It should be pointed out, however, that Cheverud only used a 
two-stage scoring system (fused and unfused), potentially obscuring a great deal of  developmental detail. 
That primates demonstrate fast infant growth, followed by slow growth during their juvenile period, is well 
established, although the cause is not always agreed upon (Fleagle 1988; Charnov and Berrigan 1993; 
Mumby and Vinicius 2008). Charnov and Berrigan (1993) postulate that the overall slow growth of  primates 
(as opposed to the relative speeds demonstrated within the order) can be understood by applying life history 
theory. Mumby and Vinicius (2008) suggest that the relatively slow growth of  primates in comparison to 
other mammals, and variation within primates, can be explained phylogenetically, and that this can also 
explain the especially low growth rates of  humans. However their results, while supporting the thesis that 
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primates demonstrate slower growth than other mammalian species, show that humans are not the outlier as 
was previously believed. Instead, they revealed that, within their sample, Cercopithecus mitis exhibits the slowest 
rate of  growth (Mumby and Vinicius 2008: 289). It should be noted also that subsequent research carried out 
by the same authors (Vinicius and Mumby 2013) indicates that the previously supposed slow growth rate of  
primates is not demonstrable in all primate species. In this later publication, they suggest that phylogenetic 
relatedness has an “important” role in their results (Vinicius and Mumby 2013: 1488). 
2.4 Evolution 
The research presented here can be used to compare extinct primate species to living ones, potentially 
yielding information regarding the evolutionary trajectory of  various organisms. It also has the potential to 
be used to ascertain the age at death, and life history schedule, of  extinct species of  primate. Blurring the 
categories of  evolution and phylogeny, the study of  nonhuman and human primate skeletal material has 
often been used to classify species and ascertain phylogenetic relationships (Percival and Richtsmeier 2017: 1). 
Specifically discussing the developmental mechanisms associated with skeletal ontogeny Capellini and 
Dingwall (2017: 175) posit that the “striking” diversity which is apparent in development and morphology of  
the primate skeleton directly demonstrates the way in which natural selection acts upon both pre- and 
postnatal development - mirroring the earlier statement that pre-adult morphology is due to survival at that 
moment in an organisms life history. Other researchers also combine phylogenetic studies and evolution; 
Percival et al. (2017: 26) discuss the way in which ontogenetic analysis conducted upon both extant and fossil 
species infers understanding of  both “the developmental bases of  morphological variation […] and 
ontogenetic shifts that are associated with phylogeny”; whilst Percival and Richtsmeier (2017: 3), and DeLeon 
et al. (2017: 96), focus upon the homologous nature of  developmental processes, positing that a shared last 
common ancestor will result in shared developmental processes, as variation therein relates to evolutionary 
changes which may occur between generations, and therefore be in common with more closely related 
taxonomic groups. 
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Kelley et al. (2010: 1035) describe inferences regarding life histories as being a key aim of  palaeoprimatology, 
again demonstrating the afore-mentioned blurring of  the disciplines which the study of  skeletal maturation 
can inform. Bolter (2011: 1) elaborates upon the focus on growth and development within the discipline, and 
attributes this to interest in the extended period of  immaturity which primates undergo. The evolution of  
developmental sequences is referred to as ‘heterochrony’ (Bolter 2011: 1), and is key to studies of  primate 
evolution, human or otherwise, as the aforementioned extended period of  immaturity is a defining feature of  
the group. It is not only the development of  the skeleton which is used by palaeoanthropologists and 
palaeoprimatologists to increase understanding of  evolution. Due to the nature of  tooth enamel, it is the 
dentition which is most often preserved in the fossil record, but it is not only their presence which makes them 
so crucial to studies of  primate evolution; much of  our understanding of  this subject stems from studies of  
dentition (Fleagle 1988: 15). Dental eruption sequences can illuminate ancestral phylogenetic relationships. 
For example, Perry et al. (2014) describe the dental eruption sequence of  a juvenile Homunculus patagonicus 
ameghino, and by comparing this specimen with other extant and extinct platyrrhines, infer that the pattern of  
tooth replacement in ancient platyrrhines was for I1 and I2 to erupt prior to M1. This again demonstrates 
the way in which evolution and phylogeny are inherently linked. 
Just as the study of  primate skeletal heterochrony can inform understandings of  non-human primate 
evolution, equally it can be used to grant a greater understanding of  hominin evolution. Bolter and Zihlman 
(2012) compared the skeletal and dental development of  Pan spp. in wild and captive populations, and 
postulate that their research can be used to compare the growth rates among hominins. This methodology is 
successfully employed by Cameron et al. (2017), who explore the relationship between chimpanzee ontogeny 
and that of  Australopithecus sediba. As mentioned above, primates are, in part, recognised by an extended 
juvenile period, and humans are at the extreme end of  the primate range. This is visible in the fossil record; 
Tardieu (1998: 163) posits that the transition from Australopithecus to Homo can be observed in an increased 
period of  peripubertal growth, as well as modifications to the epiphyses and femur, mirroring Schultz’s earlier 
statement; “all evolutionary innovations” [emphasis added] are caused by changes in the process of  
development (1969: 145). Burr and Organ (2017: 159) postulate that the delayed epiphyseal fusion in the 
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human tibia and femur, compared to age at sexual maturity, when compared to other primate species, may be 
an adaptation to our unique locomotory behaviour. 
Gordon et al. (2013) describe skeletal collections of  great apes as being suitable proxies for hypothesising 
about the most recent common ancestor of  both hominins and panins. Zihlman et al. (2004: 10541) and 
Strier (2011: 7) also posit that extant apes are analogous to hominins, and demonstrate that the chronology of  
chimpanzee dental eruption has similarities to estimates regarding Homo erectus. Analysis of  gorillas and 
chimpanzees is described as being especially successful with regard to understanding hominin ontogeny and 
life history (Machanda et al. 2013; Jorganic 2016; Smith et al. 2013). For example, Smith et al. (2013: 192) 
postulate that the observed differences in the age at M1 eruption between early hominins and extant wild 
great apes may indicate more rapid life histories in the former. However, as discussed above, the lack of  
correlation between M1 eruption and weaning in extant great apes described in that same publication throws 
doubt on this conclusion. If  for some apes M1 eruption occurs prior to weaning, with some it correlates, and 
with yet others it happens later, then surely no definitive conclusion regarding the weaning of  extinct 
hominins can be drawn from the eruption (or otherwise) of  their molars. This problem is further exacerbated 
by the differences in the timing of  dental eruption demonstrated to exist between wild and captive 
populations (Smith and Boesch 2011). 
2.5 Phylogenetic Analysis 
Whilst detailed phylogenetic analysis was beyond the scope of  this thesis, it has the potential to be successfully 
employed using data of  this type. Phylogenetic trees allow for the graphic visualisation of  a species or genus’ 
relatedness to others (Hillis 1997) (see figure 2.3). These can take the form of  “rooted” trees, where the 
ancestral states of  the organisms in question are shown, and “unrooted” trees, which only show the 
branching order and not the last common ancestor (Lake and Moore 1998: 22). Phylogenetic comparative 
methods (PCMs) infer historical diversification between species (Cornwell and Nakagawa 2017). Some key 
foci of  this methodology are to examine “evolutionary links, both amongst traits and between traits and the 
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Figure 2.3: A phylogenetic tree of 23 of the 25 species included in the dataset, made using 
10kTrees (https://10ktrees.nunn-lab.org/Primates). T
he missing species were not present in the 
taxonomic set available.
environment” (Cornwell and Nakagawa 2017: R334), as well as the rate of  evolution and the “ancestral states 
of  a character” (Martins and Hansen 1997: 646), among others. Another methodology that can be employed 
in order to understand phenotypic diversification and the relationship between traits is through ANCOVA 
(analysis of  covariance) (Fuentes-G et al. 2016). This is put forward as a PCM which “infers the impact of  a 
single factor on both diversification rates and phenotypic relationships simultaneously” (Fuentes-G et al. 2016: 
615). The data used to ascertain these phylogenetic histories is often genetic or morphological, and 
sometimes both, as with the Gibson et al. (2013) study on the thick-headed fly. It is suggested that the 
morphological data presented herein could form the basis of  future phylogenetic analysis. 
Phylogenetic analysis has been employed in a wide range of  studies on primates. Although they do not use 
PCM, McKim and Hutchinson (1975) elucidate the potential for the use of  primate growth rates for 
phylogenetic studies (and request that this is taken further with the use of  longitudinal studies). Zimmer and 
Montgomery (2015) use PCM to examine the evolution of  the primate brain, whilst Ah-King and Tullberg 
(2000) explored the evolution of  twinning in Callitrichinae. While most often employed as a means to 
understanding biological traits, phylogenetic analysis can also be used as a means of  illuminating the 
evolution of  language (Jordan 2011). 
Phylogenetic and evolutionary studies of  taxa are closely related, as are phylogeny and ontogeny (Gould 
1977). Diversity within taxa, even closely related ones, “may be a function of  their shared evolutionary 
history” (Ossi and Kamilar 2001: 53), whereby evolutionary changes appear in ontogeny, either by the 
introduction of  novel features “or by the displacement of  features already present” (Gould 1977: 214). Just as 
increasing our understanding of  skeletal development can inform us on evolution, so an understanding of  the 
same processes can help us analyse relatedness. Fleagle (1988) and King (2004) discuss the usefulness of  the 
timing and sequence of  skeletal maturation for understanding the phylogenetic relationships between species, 
an idea posited by Gould (1977) and still considered to be relevant 40 years later (Percival et al. 2017: 26). 
This view is also posited by Hoffmann et al. (2007: 422), who, while elucidating some methodological 
problems, discuss the potential use of  ontogenetic data in ascertaining phylogenetic relationships. They are 
not the only researchers to identify a problem in this field. DeLeon et al. (2017: 81) point out a tautology: 
28
phylogenetic relationships are used to define homologous characters, which are in turn used to test 
phylogenetic relationships. While not directly taxonomic, it has also been suggested that individuals can be 
categorised between folivores and frugivores based upon the life history variables visible within the skeleton 
and dentition - demonstrating, once again, the blurring of  the research categories which skeletal analysis can 
inform (Borries et al. 2013: 1).  
One very successful example of  the study of  skeletal maturation informing taxonomic understanding is 
research conducted upon Goeldi’s monkeys (Callimico goeldii) by Hofmann et al. (2007). Having discussed the 
debates regarding the phylogenetic relationships of  C. goeldii, they used radiographs to examine the skeletal 
development of  deceased neonates, and concluded that C. goeldii is more similar to common marmosets 
(Callithrix jacchus) than to the cotton-top tamarin (Saguinus oedipus), although the use of  neonatal cadavers 
results in the sampling problems discussed previously. Cray et al. (2012) demonstrate the potential for 
phylogenetic grouping through analysis of  ectocranial suture remodelling. Singleton et al. (2010) examined 
the cranial morphology of  a juvenile Rungwecebus kiunji to extrapolate its phylogenetic relationship to other 
primates, demonstrating the value of  juvenile skeletal remains in understanding primate phylogenetics. When 
tree shrews were still considered to be primates, research in to the sequence of  their epiphyseal fusion was 
one of  the contributing factors which cast doubt upon this categorisation (Shigehara 1980). “The fact that 
sequences are not necessarily consistent among different primate species has led to the often stated theory 
that the patterning relates to methods of  locomotion” however chimpanzees and humans, who are closely 
related but have different locomotion, exhibit the same fusion sequence (Brimacombe 2017: 329) 
2.6 Wild vs. Captive Growth 
Understanding the differences in the growth rates of  wild and captive population of  primates increases the 
academic understanding of  factors such as stress, captivity, and food availability on development, and this 
research adds to this by creating a body of  knowledge, and methodology for the acquisition of  further 
information, based upon captive primates. That the data presented here consists solely of  information on 
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captive individuals should be considered when comparing to wild individuals. There exists a wide range of  
data which compare captive and wild populations of  primates, that can be used to better understand welfare 
issues associated with captive care. Much of  this information indicates a variation between the developmental 
timings of  wild and captive individuals (Bolter 2011: 2; Cameron et al. 2017: 34), parallels of  which can be 
drawn with the fact that the dental eruption and epiphyseal fusion of  primitive breeds are much slower than 
in modern forms of  domestic animals (Bull and Payne 1982). Studies conducted on Pan troglodytes show a 
marked difference in the growth rate between wild and captive populations, where wild chimpanzees can take 
as much as three years longer to mature than captive individuals (Zihlman et al. 2004). However, a study done 
on the dental eruption of  Pan paniscus demonstrates an overlap between wild and captive individuals, although 
in wild individuals the permanent dentition develops and erupts at the latter half  of  the captive range 
(Machanda et al. 2013: 142). Bolter and Zihlman (2012) also describe species specific variation within the Pan 
genus; captive P. paniscus are shown to have accelerated skeletal development compared to P. troglodytes, both 
captive and wild. More specific differences are recorded in the size of  the distal ulna and tibial articular 
surfaces of  chimpanzees in favour of  captive individuals (Lewton and Abdala 2017). The variation between 
wild and captive populations is also demonstrated in the dental eruption of  macaques (Wang et al. 2015; 
Cheverud 1981): Wang et al. (2015) document a difference of  one year in the eruption of  canines and third 
molars when comparing laboratory animals and wild individuals. Smith and Boesch (2011) describe this 
phenomenon as the “wild effect," and it is supported theoretically by the knowledge that various factors, such 
as nutrient availability, “significantly influence” the life histories of  individual animals (Borries et al. 2013: 4). 
Van Der Geer and Dermitzakis (2008: 1239-1240) suggest, however, that differences in rates of  maturation 
may be due to genetic variation between populations, rather than environmental factors. In gorillas, there 
appears to be differences between both wild and captive populations, and between subspecies: captive 
populations of  western lowland gorillas have similar developmental life history speeds to those of  wild 
mountain gorillas, which are, for both groups, faster than that of  wild western lowland gorillas (Stoinski et al. 
2013). This question can be resolved through extensive data gathering: while a degree of  genetic determinism 
is likely, should it be demonstrated that the majority of  captive primates, across genera and species, mature at 
a faster rate than wild individuals, then it is extremely unlikely to be influenced by genetic factors. An 
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interesting aside is that modern humans in industrialised societies demonstrate dental occlusions which they 
describe as “neotenous," i.e. comparable more to the dentition of  juveniles of  the palaeolithic than to adults 
of  the same time period (Kaidonis et al. 2014). This is, arguably, due to similar factors to those which 
influence the variation in dental eruption displayed in wild and captive non-human primate populations: 
industrialised humans have similar ontogenetic pressures acting upon them as do captive non-human 
primates. 
2.7 Overview of  the Taxa 
Aotidae is a family of  New World monkeys, colloquially known as Douracouli, or night/owl monkeys, due to 
their nocturnal behaviour, which is unique among monkeys (Lang 2005; Ferdánez-Duque et al. 2010; Cornejo 
and Wright 2014). The family contains a single genus: Aotus. Until 1983 it was thought to contain a single 
species, with ten subspecies. However genetic analysis suggests that these are distinct species (Lang 2005). 
They are monogamous (Fernández-Duque 2016), with both parents playing an active role in the upbringing 
of  their offspring (Dixson and Fleming 1981; Rotundo et al. 2005). They usually give birth to a single infant, 
although twins have been recorded (Maren et al. 2014). They are primarily frugivorous, although also eat 
foliage and invertebrates (Lang 2005). They are not sexually dimorphic (Land 2005; Huck et al. 2011; 
Fernández-Duque 2011) and very little is known about their lifespan. The oldest known wild individual was 
at least 11 years old, whilst the oldest in captivity passed away at the age of  twenty (Lang 2005). The dental 
formulae of  Aotidae are as follows (Swindler 2002: 96): 
di2 - dc1 - dp3 / di2 - dc1 - dp3 
I2 - C1 - P3 - M3 / I2 - C1 - P3 - M3 
Aotus griseimembra, the Grey-handed Night monkey or Grey-legged Night monkey inhabits northern Columbia 
(Morales-Jiménez and Link 2008). All five individuals representing the family Aotus in this data set are Aotus 
griseimembra. Two are male and three are female. The overall age range at the time of  x-ray is 106 to 6051 
days. At over 16.5 years, this arguably demonstrates something approaching the full span of  the species’ 
lifetime. There are no radiographs of  male A. griseimembra under the age of  796 days, however. One male and 
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two females are described as having suffered from low calcium levels, and possibly low-grade metabolic bone 
disease. However, this is documented as occurring in adulthood, potentially due to a Vitamin D deficiency, 
and therefore is unlikely to have impacted upon the initial growth of  the monkeys. It is recommended that 
further research (on individuals who are not suffering from a vitamin deficiency) be conducted to corroborate 
this, especially as the already small sample size described here is dramatically reduced (n=2) when the 
affected individuals are omitted. 
Males begin puberty at between 211 and 337 days of  age and reach adult size at between 370 and 520 days 
old (Dixson et al. 1980). Given this, the expected result is that all radiographs of  male A. griseimembra will show 
full fusion of  the epiphyses, as the youngest is well beyond the threshold of  adult size. As Huck et al. (2011) 
show, the growth rate of  another member of  the family is the same between males and females. Therefore, 
we hypothesise that this will also be the case with A. griseimembra, and therefore that, given the presence of  
radiographs of  much younger females, the radiographic information will include females whose epiphyses 
have not fused. In a study of  A. azarai azarai, Rotundo et al. (2005) describe wild infants as consuming solid 
food in 86% of  observations when the infant was five months old, and that this is also the weaning threshold 
of  A. lemurinus. Given that, in many primate species, weaning often coincides with the eruption of  M1, we 
may expect to find M1 erupting at around 5 months (approximately 150 days). 
Atelidae is a family of  New World monkeys, recognised by their prehensile tails, which includes Howler 
monkeys, Spider monkeys, Muriquis, and Woolly monkeys (Dewey 2007). They live in multi-male multi-
female groups and are polygamous. Females mature at between four years (Howler monkeys) to nine years 
(Muriquis), and care for their young without assistance from the males (Dewey 2007). The dental formulae of  
Atelidae are as follows (Swindler 2002: 96): 
di2 - dc1 - dp3 / di2 - dc1 - dp3 
I2 - C1 - P3 - M3 / I2 - C1 - P3 - M3 
Alouatta caraya, or the Black howler monkey, is a sexually dimorphic species inhabiting parts of  Argentina, 
Bolivia, Brazil, Paraguay and Uruguay (Bicca-Marques 2017). They reach sexual maturity at approximately 
32
60 months of  age, although the females grow faster, with the juvenile phase ending at around 3 years as 
opposed to four years for males, demonstrating time hypermorphosis used to reach their larger stature (Bicca-
Marques 2017; Flores and Casinos 2011). In a study conducted on cranial ontogeny, Flores and Casinos 
(2011) demonstrate that the species’ sexual dimorphism is apparent from the early stages of  development. 
The species are known to wean at 282 - 291 days old (Romina et al. 2016). Ateles belzebuth, or the White-bellied 
spider monkey natively inhabit areas of  Venezuela, Brazil, Ecuador, Peru and Columbia (Suarez 2017). They 
have a gestation period of  24 months, and twins have occasionally been recorded (Suarez 2017). A. hybridus 
were formerly considered a subspecies of  A. belzebuth, but they are now recognised as a full species (Suarez 
and Link 2017). Their range includes parts of  Venezuela and Columbia, although as they are considered to 
be critically endangered, their range does not span a very large area (Suarez and Link 2017). 
Callitrichidae are New World monkeys, including marmosets, tamarins and Goeldi’s monkeys. Although 
Goeldi’s have a much disputed taxonomic relationship (Ford 1980; Hofmann et al. 2007), this is not 
uncommon for this family (Buckner et al. 2015). Monogamy is the most common breeding strategy, and 
heterozygous twins are usual, other than in C. goeldii (Naish 2012). There is little to no sexual dimorphism, 
and growth is fast, with sexual maturity achieved at around one year of  age (Naish 2012). They are arboreal, 
and traverse the trees in groups of  between three and eight individuals (Allaby 2014). The dental formulae of  
Callitrichidae are as follows (Swindler 2002: 97): 
di2 - dc1 - dp3 / di2 - dc1 - dp3 
I2 - C1 - P3 - M2 / I2 - C1 - P3 - M2 
The permanent dentition of  Callimico differs slightly (Swindler 2002: 97): 
I2 - C1 - P3 - M3 / I2 - C1 - P3 - M3 
Callithrix geoffroyi (Geoffroy’s tufted-ear marmoset) is a monotypic species native to Brazil (Bicca-Marques and 
Silva 2017). They are weaned at 56 days of  age and have a birth interval of  seven months (Bicca-Marques 
and Silva 2017). Callimico goeldii is a monotypic genus inhabiting parts of  Bolivia, Brazil, Ecuador, Peru and 
Columbia (Porter 2017). They are weaned at between 65 and 150 days, and reach sexual maturity at 12 
months for females, and 16.5 months for males (Porter 2017). Leontopithecus chrysomelas, or the Golden-headed 
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lion tamarin, is native to Brazil (Raboy and Raghunathan 2017), as are L. chrysopygus (Golden-rumped lion 
tamarin), although there is some dispute regarding the taxonomy of  the latter (Padua and Martins 2017). L. 
rosalia used to be considered a species that contained three subspecies (L. chrysomelas, L. chrysopygus, and L. 
rosalia), but they were granted full species status in 1984, based upon cranial and dental morphology 
(Mickelberg 2017). They wean at approximately 90 days and reach sexual maturity at 17 months (Mickelberg 
2017). 
Cebinae are a subfamily of  New World Primates, consisting of  two genera: Saimiri and Cebus (Marroig 2007). 
Marriog (2007) concludes that the two genera have similar evolutionary and ontogenetic histories, and that 
the majority of  variation between them is due to differences in size, and associated changes in morphology. 
Two differences that are relevant here are that Cebus have a delayed onset of  reproduction (when compared 
to Saimiri), whilst the latter give birth to larger neonates (Marroig 2007). Cebus apella are sexually dimorphic, 
and this has been shown to occur due to a combination of  time and rate hypermorphosis (Flores and Casinos 
2011). The dental formulae of  Cebinae are as follows (Swindler 2002: 96): 
di2 - dc1 - dp3 / di2 - dc1 - dp3 
I2 - C1 - P3 - M3 / I2 - C1 - P3 - M3 
All the radiographs from this family are Saimiri sciureus sciureus. These Common squirrel monkeys wean at 
between 243 and 330 days old, reach sexual maturity at between 30 and 48 months, and live for 21 years 
(Frechette 2017). They are sexually monomorphic, with the males ranging in length from 265mm to 370mm 
(mean 318mm), and females ranging from 270mm to 370mm (mean 312mm) in adulthood (Frechette 2017). 
Females, however, weigh more than males, with a mean of  651g as opposed to 554g, although males gain a 
significant amount of  weight immediately prior to the breeding season (Frechette 2017). There is also a slight 
difference in canine size, with male’s averaging 8mm longer (Frechette 2017). 
Cercopithecidae are Old World monkeys, consisting of  two extant subfamilies (Colobinae and Cercopithecinae), and 
one extinct subfamily from the early Miocene (Victoriapithecidae), although there are disagreements regarding 
these divisions (Groves 2000). Given the large number of  species included in this family, generalisations 
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regarding their life histories are difficult to make. Age at first birth in vervet monkeys (Cercopithecus aethiops) has 
been shown to be impacted by resource availability (Bercovitch 2000: 300), and in Cercopithecines on the whole, 
achieving a minimum weight is a necessary criterium for reproductive maturation in both sexes (Bercovitch 
2000: 303). Of  the subfamily Cercopithecinae, sexual bimaturism is characteristic (Bercovitch 2000: 310), with 
puberty beginning at 2.8 years in female C. aethiops, and 5 years in males (Bercovitch 2000: 312). The dental 
formulae of  Cercopithecidae are as follows (Swindler 2002: 124): 
di2 - dc1 - dp2 / di2 - dc1 - dp2 
I2 - C1 - P2 - M3 / I2 - C1 - P2 - M3 
Three species from this family are present: Cercopithecus neglectus, Mandrillus leucophaeus, and Trachypithecus 
auratus. C. neglectus, or De Brazza’s monkey, is a monotypic species from central Africa (Goodwin 2017). They 
wean at one year old, and males reach sexual maturity at around 48 months, although they do not usually 
breed until they are at least six years old (Goodwin 2017). Compared to other members of  the family, C. 
neglectus show faster infant maturation in captivity (Goodwin 2017). M. leucophaeus are believed to consist of  
two subspecies, largely based upon size, with one inhabiting an island in their range, although more research 
needs to be done to confirm this (Gadsby et al. 2017). Females reach sexual maturity at around 35 months of  
age, although again they are usually much older when they give birth (54 months) (Gadsby et al. 2017). T. 
auratus, or the Eastern Javan langur, ranges in size from 460mm to 750mm, and weighs 7.1kg (Vogt et al. 
2017). They predominantly subsist on fruit and leaves, although they also eat seeds and flowers, and 
occasionally bark and soil (Vogt et al. 2017). 
There are currently 21 recognised species of  Mouse lemur, the world’s smallest primate (Zimmerman et al. 
2016: 175). After initially being included in Lemuridae, Cheirogaleidae have been recognised as a family since the 
mid-twentieth century, divided into two subfamilies (Cheirogaleinae and Phanerinae), although, as is often the 
case, there are disagreements as to their phylogenetic classification (Groves 2016). Groves (2016: 28) states 
that the taxonomic diversity within Microcebus alone “had been underestimated”. They are nocturnal and 
arboreal, with a seasonally varying diet. The seasonality of  food also impacts the timing of  their reproduction 
(Zimmerman et al. 2016: 175). The dental formulae of  Cheirogaleidae are as follows (Swindler 2002: 73): 
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di2 - dc1 - dp3 / di2 - dc1 - dp3 
I2 - C1 - P3 - M3 / I2 - C1 - P3 - M3  
The species represented by this dataset, Microcebus murinus (Grey mouse lemur), are a relatively large mouse 
lemur, with a combined head and body length of  130mm, and a tail length of  144mm (Atsalis 2017). They 
form small, kin-based sleeping groups, but are solitary while active at night (Zimmerman et al. 2016: 175). 
Females in these sleeping groups contribute to infant care, which the males do not partake in (Zimmerman et 
al. 2016: 175). Grey mouse lemurs wean aged between 45 and 55 days old (Atsalis 2017). Males reach sexual 
maturity earlier than females; between six and eighteen months, compared to 9.6 and 29.3 months (Atsalis 
2017). In the wild, they have been reported to live up to 8 years. The maximum longevity reported in 
captivity is 18.2 years (Zimmerman et al. 2016: 176), although 13 years is a more normal terminal age in 
captivity (Atsalis 2017). A comparative study examining the effect of  environment on life history showed that 
the age at first reproduction in females is between 328 and 349 days, and that environment did not 
significantly impact this (Zimmerman et al. 2016). This result is, however, slightly earlier than the 13 months 
for age at first birth described in another piece of  research on the subject (Atsalis 2017). 
Daubentonia madagascariensis represent the only extant member of  the genus, closely related to lemurs, and are 
informally referred to as Aye-Aye (Sterling and McCreless 2017). Having access to radiographic records of  
this species is of  particular value as there are very few institutions which have successfully bred the Aye-Aye in 
captivity. They are solitary, nocturnal, and arboreal, subsisting on invertebrates, seeds, gum and nectar 
(Sterling and McCreless 2017). They are distinctive for having an elongated third digit, which they use in the 
acquisition of  food (Short 1995: 67). Infants are weaned at between 150 and 213 days and reach sexual 
maturity at 30 months (Sterling and McCreless 2017). The dental formulae of  Daubentoniidae are as follows 
(Swindler 2002: 82): 
di1 - dc1 - dp2 / di1 - dc1 - dp2 
I1 - C0 - P1 - M3 / I1 - C0 - P0 - M3 
36
Since the removal of  Pongidae (now the subfamily Ponginae), the taxon Hominidae contains all great apes 
(Crompton 2016; Groves 2018) and is represented in the radiographs from Bristol Zoological Gardens by G. 
gorilla gorilla. The gorilla evolutionary line is believed to have diverged from that of  humans and chimpanzees 
between 10.9 and 17.2 million years ago (Groves 2018: 18). The dental formulae of  Hominidae is as follows 
(Swindler 2002: 154): 
di2 - dc1 - dp2 / di2 - dc1 - dp2 
I2 - C1 - P2 - M3 / I2 - C1 - P2 - M3 
G. g. gorilla, or the Western lowland gorilla, inhabits southern Cameroon (Groves 2018: 19). They are believed 
to have diverged from the Eastern gorilla population between 0.9 and 3.01 MA, however gene flow between 
the two populations may have continued until as recently as 77 KA (Groves 2018: 19). G. g. gorilla wean at 
between 1095 and 1679 days, have a juvenile age range of  between 36 and 78 months, and live up to 53 
years (Salmi and Grossman 2017). 
The family Lemuridae contains four genera, although their exact relationship is “hotly debated” (Pastorini et 
al. 2002: 463). These genera (Eulemur, Hapalemur, Lemur, and Varecia) consist of  ten species, although they are 
considered somewhat difficult to define (Pastorini et al. 2002). Molecular analysis suggests that Hapalemur and 
L. catta are sister taxa, and together form a sister group to Eulemur, with E. mongoz being the basal member of  
this group (Wyner et al. 2000). Lemuridae dental formulae are as follows (Swindler 2002: 65): 
di2 - dc1 - dp3 / di2 - dc1 - dp3 
I2 - C1 - P3 - M3 / I2 - C1 - P3 - M3 
The radiographs from Bristol Zoological Gardens included E. mongoz, E. rubriventer, H. alaotrensis, and L. catta. 
Eulemur tend to be primarily frugivorous, although exceptions have been observed (Ossi and Kamilar 2006: 
54). The mongoose lemur (Eulemur mongoz) is a critically endangered, sexually dichromatic species that 
predominantly subsists on fruit (Curtis 2017). Infants wean at 63 days, and reach sexual maturity at 18-23 
months and 20-35 months for females and males respectively (Curtis 2017). Eulemur rubriventer (red-bellied 
lemurs) are also sexually dichromatic, although all infants start with female colouring (Tecot and Overdorff  
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2017). They wean later than E. mongoz, at between 147 and 245 days (Tecot and Overdorff  2017). Both of  
the Eulemur in this dataset live in small, pair-bonded groups, unlike E. fulvus, E. macacao, and E. coronatus, who 
live in larger multi-male, multi-female social groups (Ossi and Kamilar 2006: 54). H. alaotrensis, or the Lake 
Alaotra gentle lemur is a sexually monomorphic species that weigh, on average, 1239g in adulthood, and are 
primarily folivores (Ratsimbazafry 2017). L. catta, the Ring-tailed lemur, wean at between 60 and 180 days 
old, have a juvenile age range of  12 to 24 months, followed by a subadult period until 36 months of  age 
(Sussman and Kelley 2017). There is a wide range in age at adulthood; they reach sexual maturity at between 
9 and 31 months of  age, with females’ first birth occurring at between 24 and 48 months old (Sussman and 
Kelley 2017). There is some sex difference in expected lifespan, with most males living seven years, as 
opposed to ten for females, although both sexes have been recorded living for upwards of  thirteen years 
(Sussman and Kelley 2017). 
Lorisidae is an ancient family of  primates, with two subfamilies, which first appeared in the Eocene (Munds et 
al. 2018). The family includes lorises, galagos and pottos, although, as with many other primates, the 
taxonomic relationships between members of  this family are a matter of  debate (Masters et al. 2007). The 
dental formulae of  Lorisidae are as follows (Swindler 2002: 90): 
di2 - dc1 - dp3 / di1 - dc1 - dp3 
I2 - C1 - P3 - M3 / I2 - C1 - P3 - M3 
Nycticebus pygmaeus (or pygmy slow loris) are nocturnal, with seasonally changing pelage, and larger litters than 
other Nycticebus (Jaffe et al. 2017). Infants wean at between 98 and 148 days old, and reach sexual maturity at 
between 16 and 20 months (Jaffe et al. 2017). The mean age at first birth is 36 months, and the birth interval 
is 24 months (Jaffe et al. 2017). Gomez (1992) described and compared growth patterns of  members of  this 
family in order to grant greater insight into their phylogenetic relationships. The data was collected using 
callipers to measure living individuals (with the exception of  two infant cadavers) (Gomez 1992: 220-221). 
Whilst Gomez’s methodology was different to that described here, the use of  living individuals — and 
therefore the collection of  multiple datum points for each individual — makes the study of  particular 
interest. The results (Gomez 1992) showed that four of  the five species exhibited similar ontogenetic growth 
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patterns, whilst L. tardigradus have a faster growth, probably related to the relatively longer limbs in adult 
individuals. The overall similarity between the species’ growth schedules supports the theory that ontogenetic 
information can assist in understanding phylogenetic relationships and evolutionary history. 
Pitheciidae are a family of  New World monkeys, and are a sister taxon to Cebidae and Atelidae (Steiper and 
Maryellen 2003; Wildman et al. 2009). The family includes saki and titi monkeys (Steiper and Maryellen 
2003). The dental formulae of  Pitheciidae are as follows (Swindler 2002: 96): 
di2 - dc1 - dp3 / di2 - dc1 - dp3 
I2 - C1 - P3 - M3 / I2 - C1 - P3 - M3 
Pithecia pithecia, or the White-faced Saki, weans at between 140 and 270 days, although infants have been 
documented intermittently suckling for over a year (Marsh and Norconk 2017). Sexual maturity is achieved 
at 42 months, however the mean age at first birth is substantially later: 76 months (Marsh and Norconk 
2017). The other member of  the Pitheciidae family included in this discussion, Callicebus cupreus, are not 
recognised as a single species by IUCN (Di Fiore and Fernandez-Duque 2017), instead separating C. cupreus 
into two species: Plecturocebus cupreus/Callicebus cupreus (Coppery Titi) and Plecturocebus discolor/Callicebus discolor 
(Red Crowned Titi) (IUCN 2018). However, given the presence of  this nomenclature within the original 
radiographs, this is what will be used here. All individuals are described as Coppery Titi, and therefore, whilst 
the taxonomic nomenclature may be debatable, it is not believed that, under any division of  species, more 
than one form is represented in this dataset. Whilst the IUCN categorisation may move them in to a different 
genus, there is no apparent disagreement regarding their family and therefore considering their results 
alongside P. pithecia is not problematic. 
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3. Methodology 
Digitisation and Data 
Until fairly recently, the veterinary department of  Bristol Zoo used a film radiography system, however this 
has now been replaced by a digital system. Between autumn 2014 and 2015, a project was set up by Professor 
Robson Brown, and her research student Barnaby Skerrett, in collaboration with the head vet at Bristol Zoo, 
Michelle Barrows, to digitise the primate subset of  these clinical radiographs. The x-rays were digitised using 
a Kaiser RS10 copy stand with a portable light-box, and two camera models; a Nikon D80 with a 28mm 
lens, and a Canon EOS 5D. The images were saved in .NEF format, as a digital negative, and .jpeg. 
Initially, for the project described herein, the digitised radiographs were collated and sorted. They were 
viewed on an Apple computer, running OS Mojave version 10.14.5. Duplicates were removed, as were 
misfiled images (such as a parrot and a fruit bat). Species360 ZIMS Release 2.3 (Zoological Information 
Management Software), an online database of  information regarding animals within the zoo system, was 
used to gather information such as the date of  birth of  individuals, and the presence of  any pathologies 
which may have impacted the results. Species360 ZIMS holds veterinary and behavioural observations of  
individual animals kept in zoos. First a trip to Bristol Zoological Gardens was needed to access this database 
to collate information which was absent from the radiographs themselves; later remote access was granted. 
Radiographs of  an individual with an unknown date of  birth were removed, as were those where the date of  
the x-ray could not be reliably ascertained (and therefore the animals age at the time was unknown). Of  the 
original 1570 radiographs from Bristol Zoo Gardens, this left 906 which were potentially of  use (see table 3.1 
for a breakdown by species). Whilst the majority of  the radiographs were of  high quality, many were not - 
largely due to the deterioration of, or damage to, the originals prior to digitisation (see figure 3.2 for an 
example) 
Table 3.1: Quantity of  radiographs per species





After initial analysis of  the images, it was decided to focus the research upon both distal and proximal joint 
surfaces of  the humerus, radius, femur, and tibia. This was because they were some of  the most frequently 
represented skeletal elements, and also the most often visually clear. Descriptions of  the dental eruption 
stages are also included in the appendix, however the dentition is under represented in the data, and 























Saimiri saimiri sciureus 163
Trachypithecus auratus 92
Number of  unique and 
datable radiographs
Species (in alphabetical order)
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The use of  novel methodology to analyse skeletal tissues is an important aspect of  anthropology (Percival and 
Richtsmeier 2017: 2), and is a key aspect of  the research presented here. The use of  distinct stages to evaluate 
the continuous process of  epiphyseal fusion is well established (Cameron 1993), however most previously 
conducted research describes the epiphyseal fusion with only two or three stages, as with the eruption of  the 
dentition (Cheverud 1981; Glassman 1983; Bolter and Zihlman 2003; Zihlman et al. 2004; Bolter 2011), or 
occasionally four stages (Tallman 2016). A notable exception to this is utilised in a study on the dental 
eruption of  Tarsius, in which Guthrie and Frost (2011) use a five-stage system. This is problematic as it 
obscures a great deal of  detail. In order to overcome this, analysis was inspired by the Tanner-Whitehouse 
method (see above) in which a nine-stage system of  description is employed. In order to allow for quantitative 
analysis, and later comparison with other research, a novel scaling system was devised (see table 3.3). Burr 
and Organ (2017: 157) discuss the usefulness of  the “physeal scar” (i.e. Stages 7 and 8) in ascertaining human 
age, and state that it can remain visible in radiographs into old age. This is also, here, demonstrated to be 
true of  some non-human primates. 
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Figure 3.2: A poor quality radiograph of  Alouatta caraya, demonstrating the lack of  clarity present in some of  the images
The appendix includes descriptions of  radiographs which were omitted from the main analysis, but that 
potentially still hold academic interest. These include description of  the epiphyseal formation and fusion of  a 
pathological Alouatta caraya (metabolic bone disease), two in-utero radiographs, and several x-rays of  deceased 
neonates, still born infants and aborted fetuses. The in-utero x-rays are included here as neither infant 
survived, but the cause of  this is unknown, and therefore it cannot be assumed that the bone formation is 
within the normal range. This is a similar situation to the radiographs of  neonates and fetuses. With the 
latter, the exact age is also often unknown. In order to further facilitate the usefulness of  this methodology, a 
reference sheet was devised (see figure 3.4).  This table gives three examples of  each fusion stage. The images 
come from a range of  genera, where possible, although the under representation of  the earlier stages within 
the dataset resulted in the majority of  examples of  stages 0, 1, and 2, being from an infant gorilla. This 
numerical system allowed for comparison between species and genera, and with other research findings, with 
ease, whilst still granting a greater level of  detail than previously published work on the subject. 
Table 3.3: Scoring system used to describe epiphyseal fusion
0 The epiphysis has not formed.
1 The epiphysis is no more than half  of  the size of  the metaphysis. Fusion has not begun.
2 The epiphysis is larger than half  of  the size of  the metaphysis, but smaller than its full width. Fusion has 
not begun.
3 The epiphysis is the full size of  the metaphysis. Fusion has not begun.
4 The epiphysis is fully formed and is partially fused with the metaphysis
5 The epiphysis is fully formed and is mostly fused with the metaphysis
6 The epiphysis is fused. The suture is still clearly visible.
7 The epiphysis is fused. The suture is faintly visible.








Figure 3.4: Examples of  each fusion stage
A similar table was devised for describing dental eruption (see table 3.5). This comprises of  six stages, visible 
through the use of  radiographs, therefore doubling the level of  detail usually provided in studies of  this type. 
Unfortunately, the dataset did not allow for as detailed analysis of  the dentition as had originally been 
intended. There was, overall, a lack of  radiographs which included the jaw and dentition. Of  the 
radiographs which included the dentition, many were unclear. This was due to the fact that none were dental 






Figure 3.4: Examples of  each fusion stage continued
which this caused was exacerbated in instances where the primate had permanent teeth fully or partially 
formed in the jaw, as well as deciduous teeth fully erupted. An extreme example of  this can be seen in Ateles 
belzebuth (see figure 3.6). Nonetheless, use of  a more detailed system of  eruption stages still adds useful 
information to the academic discussion, and therefore the eruption timing of  the dentition is described, 
where possible. This can be found in Appendix B. It is strongly hoped that, in the future, this can be added to 
with studies of  other radiographs, increasing the sample size. 
Table 3.5: Scoring system used to describe dental eruption
0 No tooth visible in the jaw
1 Tooth partially formed in the jaw (no root visible)
2 Tooth fully formed in jaw (root)
3 Tooth erupted beyond jaw bone but contained within gum
4 Tooth erupted beyond gingival layer
5 Full occlusion
46
Figure 3.6: Radiography of  A. belzebuth showing superimposed dentition
Statistical analysis 
Once the long bone data was gathered, Pearson correlation tests were run using IBM SPSS statistics (version 
24). As it is to be expected that there exists a correlation between epiphyseal fusion and age, this was done in 
order to test the viability of  the methodology. Statistically significant results are discussed in detail, and 
graphed in the main body of  the text. Where possible, explanations are posited for non-significant results. 
These are also graphed, however these are included in the appendix (A). Creating graphic representations of  
the data allowed for sex differences to be discerned. These are discussed with the individual species. 
Following the analysis conducted upon the individual species, relevant comparisons were examined. This was 
initially done by comparing the results within phylogenetic groups. In order to do this, the data for each 
family which contained radiographs from multiple species was collated. Once again Pearson correlation tests 
were run. The hypothesis was that, were there a significant difference between the developmental patterns of  
different species, then the epiphyseal formation and fusion would have a lower ‘r’ value, and higher ‘p’ value, 
than analysis of  the species individually. 
Phylogenetic analysis 
The online resource, 10000 Trees, was used to create phylogenetic trees of  the species contained within the 
data. Fig Tree (v1.4.4) was used to visualise the trees. Unfortunately, 10000 Trees did not include two of  the 
primate species described here. This allowed for some basic phylogenetic analysis of  the results. Specific traits 
were highlighted and plotted on to phylogenetic trees, in order to visualise any patterns. These traits focused 
upon the sequence of  fusion, for example which skeletal element is the first to reach full fusion. Unfortunately 
more detailed phylogenetic analysis was beyond the scope of  this thesis, however it is hoped that the potential 
suitability of  data of  this type for phylogenetic analysis is demonstrated, and that future analysis of  this type 
is conducted. 
Intra-observer error 
In order to further test the methodology, intra-observer error tests were conducted. These were done 
approximately 12 months after the original analysis of  the radiographs. This was done in two stages, once 
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without the reference guide, and once with. For each test, 50 radiographs were reanalysed: two from each 
species, initially without use of  the reference sheet. 158 radiographs were examined. Secondly the 
radiographs were re-examined using the reference images, mimicking the original test methodology. For this 
second test 50 radiographs were again reanalysed. This resulted in 166 skeletal elements being described. 
This number differs from the initial test as the radiographs were selected at random, and not all x-rays 





In order to facilitate analysis, the dataset has been grouped into family and subfamily level divisions. This also 
means that the initial results are collated in more manageable sections. Results stemming from intra-familiar 
comparisons can be found in Chapter Five. Subsequently the same foci are placed upon the specific species 
represented within the collection of  radiographs. The relevant radiographs are described, and then the 
results of  the analysis discussed. Outlying individuals (pathological, deceased foetal, and in utero) are 
described in the appendix. Graphic representations of  non-significant results can be found in appendix A. 
Intra-observer error 
For the initial test, conducted without the use of  the reference sheet, in 139 cases the result was the same as in 
the initial analysis, with 19 errors. This is a greater margin of  error than is acceptable (over 10%). For the 
second test (with the reference sheet) 152 incidences were the same as with the initial description, giving an 




The correlations, and in some cases, the lack of  correlations, between age and long bone epiphyseal fusion in 
the radiographs of  A. griseimembra demonstrate the problems that can arise from opportunistic datasets such as 
that examined here (see Table 4.1). Where n = >10, there is a correlation between results. The fusion of  the 
proximal femur (n = 13) correlates with age (r = 0.580, p = .038), as does the proximal humerus (n = 18, r = 
0.838, p = <0.01). Dashes indicate where the result was a constant (the distal humerus and the distal radius), 
or where there was no data (distal tibia). The results from the proximal femur demonstrate problems with the 
data. Male and female individuals are described separately, and we can see that, with this skeletal element, 
there is no overlap in age. Whilst, as discussed above, we do not expect differences in males and females of  
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this sexually monomorphic species, this is not the case for all species studied here, and outlines the problem 
well. We also see that all results for this skeletal element are at Stage 6, or higher. Therefore, we cannot 
extrapolate the fusion timing, other than that it appears once Stage 7 is reached, there are no occurrences of  
any earlier stage. 
Due to the lack of  significant results, stemming from sampling problems, only the proximal humerus is 
discussed in detail here. The graphic representation of  the epiphyseal fusion of  the proximal humerus (Figure 
4.2), focused upon due to its significant correlation with age, demonstrates one of  the benefits of  analysis of  
this type. By increasing the quantity of  fusion stages from the norm of  three (unfused, partially fused, full 
fusion), we are able to extend the age at which we can discern skeletal maturity. The parallel dotted lines on 
the graph demonstrate where the cutoffs for a three stage system would be. Stage 6 is the first which can be 
classed as full fusion, but we can see that the visibility of  the suture continues to change as the organism ages, 
moving through Stage 7, and finally becoming invisible in the radiograph (Stage 8).  
We can also see from this graph that there does not appear to be any difference in the timing of  epiphyseal 
fusion between males and females. However, it does appear that female A. griseimembra achieve Stage 8 earlier 
than do males, but this result may be false, as there are no males and females at exactly the same age at the 
time of  the radiograph: our significant result does not show sexual dimorphism. The other aspect of  the data 
that we can apply to known information is age at puberty. There are two datum points (106 days) prior to the 
known age at the onset of  puberty, and four subsequent, although not immediate, (597 days), although the 
information available regarding puberty is for males, and these data are for females. At 106 days we see a 
mosaic of  fusion stages. The proximal humerus is at Stages 3 and 4, the proximal femur is at Stage 6, and the 





















0.580 0.694 0.838 - 0.360 - 0.890 -
Sig. (2-
tailed)
0.038 0.126 0.000 - 0.484 - 0.110 -
N 13 6 18 3 6 1 4 0
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proximal radius is at Stage 8 (although it 
should be reiterated that this third result 
is not statistically significant). We do not 
have examples of  the other skeletal 
elements at this age. After puberty all 
skeletal elements represented in the 
radiographic collection have reached 
Stage 6 (full fusion), and the physis scar 
of  the proximal femur is starting to 
become less visually prominent, with 
one instance of  Stage 7. Therefore, we 
hypothesise that females undergo 
puberty at the same age as males, and sincerely hope that others may take the opportunity to test this further. 
4.3 Atelidae 
Of  the thirteen animals representing the family Atelidae in this dataset, ten are Alouatta caraya, two are Ateles 
hybridus, and one individual is Ateles belzebuth. Of  A. caraya, six are males, with a total of  26 radiographs, whilst 
the four females constitute 10 radiographs. The overall age range at the time of  x-ray is 176 to 3141 days. 
Both males and females have a similar age distribution. The images of  A. hybridus consist of  six radiographs, 
of  two males, ranging in age from 3828 to 4112 days. The radiographs of  A. belzebuth consist of  seven images 
of  a single, male, animal. The age range for these x-rays is 533 to 1218 days.  
Several of  the Black Howler monkeys have congenital pathologies affecting their skeletons. Two females and 
one male have slight mandibular prognathism, although there is no indication that, where not associated with 
other problems, this would impact on the timing and sequence of  skeletal maturation. However, a second 
male monkey suffered from severe metabolic bone disease, which eventually led to his death aged <6 months. 
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Figure 4.2: The epiphyseal fusion of  the proximal humerus in Aotus griseimembra
This pathology caused extensively distorted bones. Therefore this individual is omitted from analysis here, 
and is discussed in Chapter Six. The single White-fronted Spider monkey is not recorded as having any 
pathologies that would impact bone growth, nor are the Brown Spider monkeys. 
Alouatta caraya 
We can see clearly one of  the problems with data of  this type. As the information is not gathered with the 
intent of  this research in mind, there is a great deal of  variety in the quantity of  data available. Whilst there 
are 13 useable radiographs of  the proximal humerus of  female A. caraya, there is not a single one of  the same 
region, or any other, of  a female Spider monkey. This obviously makes comparison impossible. Given the 
small dataset, correlation tests were not run for the Spider monkeys. 
The timing of  the fusion of  the proximal femur of  A. caraya (see Figure 4.4) does not appear to exhibit a great 
deal of  sexual dimorphism. At around the time of  male maturity (1460 days), we see a leap from Stage 6 to 
Stage 8, however, while we see females reaching Stage 8 around the time of  their maturity (1095 days) there 
is more variety in the results. The distal femur reaches full fusion (Stage 6) much earlier in males than females 
(figure 4.5), indicating rate hypermorphosis in this element, rather than the hypothesised time 
hypermorphosis. It is not possible to ascertain the fusion stage at male maturity, but we can see that, in 
females, prior to this age the distal femur is partially fused, with full fusion occurring during this period. 
Interestingly, however, the opposite appears to be true in the humerus (figure 4.6), with the epiphysis fusing 
earlier in females than in males, as well as the suture becoming obliterated earlier, indicating, perhaps, time 
hypermorphosis, and full fusion (Stage 6) coinciding with age at maturity in the proximal humerus. Whilst 
there are male and female A. caraya with radiographs depicting the proximal humerus at similar ages, this is 




















0.714 0.881 0.754 0.770 0.749 - 0.975 0.528
Sig. (2-
tailed)
0.004 0.004 0.000 0.015 0.008 - 0.000 0.646
N 14 8 18 9 11 3 9 3
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not the case for the distal humerus. The proximal radius (figure 4.7) shows overlap between males and 
females prior to full fusion, but the suture may remain visible longer in males. However, this assertion should 
be treated with caution, as the data for male fusion of  the proximal radius is not present in high quantities for 
the later stages. The fusion timing of  the proximal tibia (see Figure 4.8) does not show any meaningful 
difference between males and females. In all radiographs around the age of  weaning (femur, humerus, 
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Figure 4.4: The epiphyseal fusion of  the proximal femur in 
Alouatta caraya
Figure 4.5: The epiphyseal fusion of  the distal femur in Alouatta 
caraya
Figure 4.6: The epiphyseal fusion of  the proximal humerus in 
Alouatta caraya
Figure 4.7: The epiphyseal fusion of  the proximal radius in 
Alouatta caraya
proximal radius and proximal tibia), we 
see a combination of  Stages 3 and 4. 
This indicates that weaning coincides 
with the beginning of  the process of  
epiphyseal fusion in these long bones. 
 
Ateles belzebuth and Ateles hybridus 
As mentioned above, the small size of  the dataset made further discussion of  the fusion stages of  the long 
bones of  Ateles inappropriate. This is especially unfortunate as this may have provided interesting results, 
phylogenetically, given that the two species were once considered to be a single species. 
4.4 Callitrichidae 
Of  the 36 individuals representing the family Callitrichidae in this dataset, 13 are Callithrix geoffroyi, ten are 
Callimico goeldii, four Leontopithecus chrysomelas, two L. chrysopygus, and seven individuals are L. rosalia. Of  C. 
geoffroyi, eight are males, with a total of  29 radiographs, whilst the five females constitute 17 radiographs. The 
overall age range at the time of  x-ray is 96 to 1596 days. There is a slight difference between the age ranges 
in that the radiographs of  C. goeldii consist of  15 radiographs of  six males, and 19 radiographs of  four 
females. The full range in the ages at the time of  x-ray is 190 to 5221 days. At the younger end, there is 
virtually no difference in the age of  male and female individuals. Both male and female L. chrysomelas are 
represented by two individuals each. There are nine x-rays of  males, and 26 of  females. There are also equal 
numbers of  L. chrysopygus, one male and one female. There are eight images of  the male, ranging in age from 
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Figure 4.8: The epiphyseal fusion of  the proximal tibia in Alouatta 
caraya
4998 to 5096 days. The three x-rays of  the female are from a single event, at 6020 days old. The radiographs 
of  L. rosalia start at 285 days for both males and females: however, while the data for males extends to 5863 
days (12 radiographs of  two individuals), for females it only goes as far as 623 days (six radiographs of  five 
individuals). Therefore, all radiographs of  this family are of  individuals after they are weaned, albeit in some 
cases by as little as a month, but prior to reaching sexual maturity. 
Callimico goeldii 
In the data collected from Callimico goeldii, we can see that there is a significant correlation between age and 
epiphyseal fusion in all elements, other than the distal humerus (table 4.9). This may be due to the relatively 
small number of  examples of  this (n=8), although the same quantity of  radiographs contained examinable 
depictions of  the distal tibia, which demonstrates a very strong positive correlation (r = 0.980) which is 
statistically significant (p = <0.01). It is therefore suggested that this result may be due to another, unknown, 
factor. 
The timing of  the epiphyseal fusion of  C. goeldii does not show any sexual variation in the proximal femur 
(figure 4.10). As with the Douracouli, we can see that the presence of  stages beyond full fusion (Stage 6) in the 
analysis may extend the usefulness of  these results further in to the animal’s adulthood. There appears to be a 
delay in the fusion of  the distal femur in males when compared to females (figure 4.11), although there is also 
some overlap. Whilst the fusion of  the proximal humerus does significantly correlate with age (figure 4.12), it 
does in fact show a large range of  variability between Stage 4 and beyond. The majority of  the results follow 
a pattern of  increased fusion, with females epiphysis fusing slightly earlier, there is once incident of  an adult 
C. goeldii with a proximal humerus fused to stage four (figure 4.12). It is unknown why this may be the case, 




















0.547 0.652 0.478 0.277 0.430 0.632 0.691 0.980
Sig. (2-
tailed)
0.013 0.000 0.009 0.506 0.020 0.005 0.000 0.000
N 20 33 29 8 29 18 33 8
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and it is recommended that more data be gathered in order to ascertain whether this is a common 
occurrence, or the developmental quirk of  a single individual.  
 
The proximal radius (figure 4.13) shows some sexual variation, although also a great deal of  overlap, 
especially if  one were to consider the Stage 3 male as an outlier (although there is not enough data to 
ascertain whether this is the case, especially given that the fusion of  the proximal radius correlates less than 
many others, with p = < 0.05 rather than < 0.01). The distal radius (figure 4.14) demonstrates, for most cases, 
earlier fusion and sutural obliteration in females than in males, with Stages 6 and 7 in females coinciding with 
Stages 3 and 4 in males. This is a rather unexpected observation, given that C. goeldii are a sexually 
monomorphic species. This is also visible in the proximal tibia (figure 4.15); there are examples of  both males 
and females reaching Stages 5 and 6 at the same age, however it appears that the range at which the pre-
fusion stages occur (3 to 5) extends further in to the lifetime of  the males. The results from the distal tibia 
(figure 4.16) suggest that females begin fusion of  this skeletal element (Stage 4) earlier than do males. 
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Figure 4.10: Fusion of  the proximal femur in Callimico 
goeldii
Figure 4.11: Fusion of  the distal femur in Callimico goeldii
The youngest radiographs of  C. goeldii are 40 days after the oldest known age for weaning, but prior to sexual 
maturity, which occurs earlier in females than it does in males. Males immediately prior to one year old (aka 
female maturity) - 335 days - show Stages 5, 6 and 7. At 384 days it is stages 5, 6, 7, and 8, indicating that they 
are still undergoing a period of  growth and change in their epiphyses. There are no radiographs of  males at 
495 days. Females, however, occasionally exhibit stage 8 as early as 321 days, although there are examples of  
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Figure 4.12: Fusion of  the proximal humerus in Callimico 
goeldii
Figure 4.13: Fusion of  the proximal radius in Callimico goeldii
Figure 4.14: Fusion of  the distal radius in Callimico goeldii Figure 4.15: Fusion of  the proximal tibia in Callimico goeldii
Stage 5 at 360 days. This delayed male 
maturity may explain the variation in the 
fusion timing of  some skeletal elements, as, 
while it is a subtle difference, where a sex 
difference is apparent, the females achieve 
later fusion stages at younger ages to the 
males. Male Goeldii’s marmosets appear 
to be using their delayed maturity to allow 
them to grow more slowly: as, as adults, 
they are sexually monomorphic. This fits 
into many life history concepts regarding 
the pay-off  between growth, reproduction, 
and resource availability. That Callimico sp. demonstrates this sex difference in ontogeny may be related the 
fact that they reproduce more slowly when compared to other members of  the family, who tend to produce 
twins (whilst this species does so only very rarely). 
Callithrix geoffroyi 
As with C. goeldii, C. geoffroyi demonstrates significant (p = <0.01) correlation between age and epiphyseal 
fusion in all cases, other than the distal humerus (see table 4.17).  
Interestingly, the distal humerus shows some inverse correlation, although it is not a statistically significant 
result (p = 0.681) and is therefore likely to be due to the very small sample size (n = 3). 




















0.749 0.791 0.818 -0.480 0.650 0.774 0.802 0.713
Sig. (2-
tailed)
0.000 0.000 0.000 0.681 0.000 0.000 0.000 0.000
N 34 37 37 3 41 25 39 22
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Figure 4.16: Fusion of  the distal tibia in Callimico goeldii
 
Graphic analysis of  the fusion timing of  
the proximal femur of  C. geoffroyi (figure 
4.18) shows that both males and 
females achieve full fusion (Stage 6) at 
about the same age, but that the suture 
remains visible for longer in males than 
it does in females. With the distal femur 
(figure 4.19), males epiphysis fuses 
slightly earlier than females in some 
individuals, although there is overlap, 
and in some cases it occurs at the same age. This slight sex difference is reversed in the proximal humerus 
(figure 4.20). There is initially no difference between the sexes (at stage 4), however males appear to exhibit 
accelerated epiphyseal fusion from this point onwards.  
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Figure 4.18: Epiphyseal fusion of  the proximal femur in C. geoffroyi
Figure 4.19: Epiphyseal fusion of  the distal femur in C. 
geoffroyi
Figure 4.20: Epiphyseal fusion of  the proximal humerus in C. 
geoffroyi
The fusion timing of  the proximal radius shows no variation between the sexes (figure 4.21). The distal radius 
(figure 4.22) shows somewhat varied timings of epiphyseal fusion, although Stages 3 and 4 are largely reached 
at the same age. The results for the proximal tibia are also similar (figure 4.23), with very similar results 
between the sexes at the earlier stages, but with increased differences at the later stages. The distal tibia (figure 
4.24) shows the greatest level of  difference between male and female C. geoffroyi. Where data is present for 
both males and females, Stage 3 is recorded at the same age for individuals of  both sexes. However, females 
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Figure 4.21 Epiphyseal fusion of  the proximal radius in C. 
geoffroyi
Figure 4.22 Epiphyseal fusion of  the distal radius in C. 
geoffroyi
Figure 4.23 Epiphyseal fusion of  the proximal tibia in C. 
geoffroyi
Figure 4.24 Epiphyseal fusion of  the distal tibia in C. 
geoffroyi
then exhibit a much faster rate of  fusion than males, in some instances reaching two stages beyond males of  a 
greater age. 
The youngest age at radiograph of  Callithrix geoffroyi is forty days after weaning, but younger than the 
common age at maturity for this family (365 days). At 320 days (the closest age at x-ray prior to adulthood) 
we see Stages 5, 6, and 7 in both males and females. All elements recorded at this age have begun to fuse. 
There is no data for the distal humerus, distal radius, and distal tibia at 320 days old. 
Leontopithecus chrysomelas 
With the data collected from L. chrysomelas, there is significant correlation (p = <0.01) in the distal femur, the 
humerus, and the distal tibia (table 4.25). The proximal femur and proximal tibia also show correlation (p = 
<0.05), but the radius does not. This may be because, other than several radiographs of  deceased neonates, 
and an aborted fetus (described in Chapter 6), all individuals are over 300 days of  age. Given that they are a 
relatively fast-growing species, this meant that almost all results showed fusion of  Stage 7 (full fusion, suture
 faintly visible), or Stage 8 (suture obliterated). There were only two radiographs which showed earlier stages, 
of  a male aged 307 days. The graphic representations of  the results (see Figures 4.26 to 4.31) illustrate this. 
Variability between these two final stages in the proximal radius may explain the lack of  significant 
correlation despite the relatively large sample size (n=14). 




















0.537 0.637 0.722 0.942 0.130 0.665 0.483 0.786
Sig. (2-
tailed)
0.022 0.001 0.005 0.005 0.657 0.103 0.020 0.004




Figure 4.26: Fusion of  the proximal femur in L. 
chrysomelas
Figure 4.27: Fusion of  the distal femur in L. chrysomelas
Figure 4.28: Fusion of  the proximal humerus in L. 
chrysomelas
Figure 4.29: Fusion of  the distal humerus in L. chrysomelas
Leontopithecus rosalia 
A similar problem to that discussed above is found in L. rosalia: the majority of  the radiographs were of  
individuals well above the expected threshold of  adulthood. L. rosalia is also of  note as it is one of  the few 
species that does not exhibit a significant correlation (p = <0.01) between age and fusion of  the proximal 
humerus (table 4.32). In the case of  the proximal humerus (figure 4.33), there are incidences of  both male 
and female individuals exhibiting Stages 6 and 7 at the same age. The other significant result for L. rosalia is 
the proximal tibia (figure 4.44), although as this has only one datum point for males, and females displaying 
Stages 6 and 7 at the same age, there is not a great deal of  information to be extrapolated from it.
 




















0.136 0.450 0.541 - 0.361 - 0.791 -
Sig. (2-
tailed)
0.707 0.224 0.030 - 0.379 - 0.019 -
N 10 9 16 5 8 2 8 0
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Figure 4.30: Fusion of  the proximal tibia in L. chrysomelas Figure 4.31: Fusion of  the distal tibia in L. chrysomelas
Leontopithecus chrysopygus 
The problem of  only having adult individuals within the sample was taken to an extreme with the 
radiographs of  L. chrysopygus: there were only two individuals represented, with the youngest being 4998 days 
at the time of  radiograph. There were only eight radiographs that clearly depicted the epiphyses, and only 
one example of  fusion below Stage 8 (a male’s proximal humerus, at Stage 7). Therefore no further analysis 
on this species is given. 
4.5 Cebinae 
Saimiri sciureus sciureus 
The radiograph collection of  S. s. sciureus was the largest dataset of  any analysed here. This is assumed to be 
due to the species living in large groups: the number of  x-rays per individual was not particularly high, but 
there are many individuals represented. Several had to be omitted due to unknown dates of  birth, but this 
still left x-rays of  32 individual squirrel monkeys. All long bone epiphyses show a correlation with age. For all 
barring the distal humerus, this is to a significance of  p = < 0.01 (table 4.35). The distal humerus (p = 0.05) is 
the smallest sample, and therefore it may be that, with examination of  a greater quantity of  radiographs, the 
64
Figure 4.33: Fusion of  the proximal humerus in Leontopithecus 
rosalia
Figure 4.34: Fusion of  the proximal tibia in Leontopithecus 
rosalia
significance of  this correlation will increase. However, it is a fairly large sample compared to others from 
other species which show a significant correlation with age, and therefore it may be due other factors.   
There are only two examples of  pre-fusion stages of  the proximal femur in S. sciureus sciureus, both Stage 3, at 
the same age (figure 4.36). However, there is a period during which this skeletal element may exhibit both 
Stage 7 and 8 (and no early stages), after which all radiographs showed no visible sign of  the epiphyseal 
suture. Therefore, despite the relative lack of  earlier stages in the radiographs, this data extends the 
chronological age at which a radiograph can be used for ageing. The distal femur of  S. s. sciureus shows much 
the same timing of  epiphyseal fusion in males and females, especially in the earlier stages (figure 4.37). The 
exception that, for several cases, the suture remains visible in females for longer than in males. The epiphysis 
of  the proximal humerus (figure 4.38) exhibits almost exactly the same pattern of  fusion in both sexes, even 



















0.380 0.624 0.636 0.557 0.423 0.742 0.668 0.750
Sig. (2-
tailed)
0.000 0.000 0.000 0.011 0.000 0.000 0.000 0.000
N 86 82 110 20 76 38 78 34
65
Figure 4.36: Epiphyseal fusion of  the proximal femur in 
Saimiri sciureus sciureus
Figure 4.37: Epiphyseal fusion of  the distal femur in Saimiri 
sciureus sciureus
in the incidences of  relatively late Stage 5. Conversely to the distal femur, there are examples of  females at 
Stage 8 earlier than males. 
The results of  the distal humerus are somewhat limited; as there are fewer results than any other skeletal 
element for this species. The apparent variation between the sexes (figure 4.39) is probably caused by 
variation in the ages at the time of  radiograph, rather than a developmental difference, as where there is data 
for both males and females, they exhibit very similar results. The timing of  the fusion of  the proximal radius 
(figure 4.40) shows no difference between the sexes, and nor does the distal radius (figure 4.41). The proximal 
tibia (figure 4.42) exhibits a great deal of  variation in the later stages, with examples of  Stage 8 occurring at 
earlier ages than Stage 6 in both males and females, however the results from the earlier stages are more 
consistent. The distal tibia (figure 4.43) shows almost identical timings between males and females, with the 
exception of  two occurrences of  males exhibiting earlier stages at later points (Stage 4 when the others have 
reached Stage 6, and Stage 7 as opposed to Stage 8). There is, overall, virtually no difference in the 
ontogenetic timing of  males and females of  this species. Whilst they are considered to be sexually 
monomorphic, females are slightly heavier, and males slightly longer, on average. It may be that to reach 
these variables in stature and mass takes the same amount of  time to grow, resulting in them not impacting 
upon the timing of  the epiphyseal fusion. 
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Figure 4.38: Epiphyseal fusion of  the proximal humerus in 
Saimiri sciureus sciureus
Figure 4.39: Epiphyseal fusion of  the distal humerus in Saimiri 
sciureus sciureus
 
Unusually for this dataset, there are a large number of  radiographs of  individuals prior to weaning. Table 
4.44 includes all x-rays immediately prior to the earliest age in the range of  weaning (243 days). In all 
incidences, the epiphysis is fully formed, but all other stages are represented. There is a slight sex difference in 
the proximal femur, with males demonstrating higher frequencies of  later stages (F = 3 x Stage 3, 5 x Stage 6, 
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Figure 4.40: Epiphyseal fusion of  the proximal radius in 
Saimiri sciureus sciureus
Figure 4.41: Epiphyseal fusion of  the distal radius in Saimiri 
sciureus sciureus
Figure 4.42: Epiphyseal fusion of  the proximal tibia in 
Saimiri sciureus sciureus Figure 4.43: Epiphyseal fusion of  the distal tibia in Saimiri sciureus sciureus
1 x Stage 7; M = 4 x Stage 7, 5 x Stage 8). It is striking that such late stages are exhibited for some skeletal 
elements at such a young age. By the time S. s. sciureus reach sexual maturity, we no longer see any sex 
difference in the epiphyseal fusion. At the earlier end of  the range for reaching sexual maturity, we see a 
combination of  stages 6, 7, and 8. From the later end, 1440 days, they exhibit almost exclusively Stage 8, 
where the suture is no longer visible in the x-ray. The four exceptions are all stage 7. This demonstrates the 
value of  the increased detail which the extra stages of  analysis affords. Stages 6, 7, and 8 would be grouped 
together in many analyses, but we can see that, if  an individual has epiphyses at Stage 6 they are likely to be 
at the early end of  the sexual maturity age range (i.e. 900 days), whereas if  all, or almost all epiphyses are 
Stage 8, with none ‘earlier’ than Stage 7, we can deduce that an individual is sexually mature, and over 1440 
days old. 



















F 201 3 3 3 6 7 6
F 201 3 3 3 6
F 201 6 5 3 3
F 201 3 6 3
F 201 4 6 5
F 210 3 5 3 3 3 3 3 3
F 210 3 4 3 3 4
F 215 6 4
F 215 5 7
F 218 4 6 3 6 3
F 218 6 3 5 5
F 218 4 4 4 5 5
M 181 5 7
M 181 6 7 6 6
M 195 5 7 6 6
M 200 7 8 7
M 207 4 8 8
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4.6 Cercopithecidae 
Cercopithecus neglectus and Mandrillus leucophaeus 
The radiographs of  C. neglectus suffer from the sampling problems discussed above. They consist of  images of  
two individuals (one male, and one female), with one radiographic event each, both well into adulthood 
(>2000 days old). This is also the case with 
the radiographs of  Mandrillus leucophaeus; 
they are of  two adult males, with all x-rays 
taken at a single age (2949 days). The 
radiographs of  the Javan langurs were 
slightly better, although many were unclear 
due to over-exposure (figure 4.45). They 
included radiographs of  a neonatal post-
mortem, which is described in Chapter 
Six. Therefore the radiographs of  these 
two species were not analysed further. 
M 207 4 3 3 8 5 4 3
M 207 7 6 5 3
M 207 5
M 207 4 3 3
M 220 6 8 8 6 6
M 220 4 7 5 8 6 6 4
M 220 6 6
M 220 5 6 3





















Figure 4.45: Radiograph showing over-exposure at the joint area
Trachypithecus auratus 
Five of  the eight skeletal elements showed correlation in T. auratus, most notably in the proximal humerus, 
distal radius, and distal tibia (table 4.46). The lack of  correlation may be due to the sample sizes, as these 
were some of  the less represented skeletal elements; however, the distal tibia (n=5) granted some significant 
results. It is recommended that further research be done in order to fully understand these results. 
Figure 4.47 appears to show a substantial difference between males and females of  the same, young, age; in 
males the epiphysis is just starting to fuse at approximately the same age as it has completed the fusion 
process in females. The epiphysis of  the proximal humerus, however, shows no such sex difference (figure 
4.48); where data exists for males and females of  the same age, both have reached the same stage of  fusion. 
The same lack of  definitive sex difference can be seen in 
the timing of  the fusion of  the proximal radius (figure 
4.49). There is only one incident of  data for both male 
and female T. auratus at the same age; both exhibit Stage 
7. The male interpolation line runs through Stage 4 at 
almost exactly the age at which a female is documented 
being at this stage. The distal radius (figure 4.50) appears 
to show earlier fusion for males, although there is a lack of  
comparable datum points between the sexes. Whilst the 
distal tibia correlates significantly with age (r = 0.986, p = 
< 0.01), there is very limited data, making meaningful 
extrapolations almost impossible (figure 4.51). 



















0.527 0.895 0.685 0.571 0.596 0.902 0.891 0.986
Sig. (2-
tailed)
0.025 0.105 0.000 0.108 0.012 0.000 0.109 0.002
N 18 4 26 9 17 10 4 5
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The radiographs of  M. murinus were mostly of  high quality, with a wide range of  ages, and included multiple 
individuals x-rayed at the same age (particularly 180 days and 262 days). These images did, however, 
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Figure 4.48: Epiphyseal fusion of  the proximal humerus in T. 
auratus
Figure 4.49: Epiphyseal fusion of  the proximal radius in T. 
auratus
Figure 4.50: Epiphyseal fusion of  the distal radius in T. 
auratus
Figure 4.51: Epiphyseal fusion of  the distal tibia in T. auratus
demonstrate a problem with data of  this type: given the small stature of  the species there was a lot less detail 
visible in the radiographs than in some of  the larger-bodied species. This was disappointing as, again due to 
the size of  the species, there were frequently radiographs which ostensibly showed the entire animal. This 
impacted the quantity of  data that could be gathered, and may have contributed to the fact that only half  of  
the skeletal elements correlated with age (table 4.52).  
This is exacerbated by the speed of  growth in M. murinus; although the majority of  the radiographs depict 
individuals less than one year old, as discussed above, Grey mouse lemurs often reach maturity before this, 
and therefore there are no examples of  unfused epiphyses. Therefore, these results are presented entirely in 
an attempt to ascertain whether M. murinus progress through Stages 6, 7, and 8 at a predictable rate that can 
be extrapolated to the wider population and allow for accurate ageing from radiographs. 
The fusion timing of  the distal femur (figure 4.53) appears to show a point after which the fusion stage does 
not drop below Stage 7. The proximal humerus, however, shows greater consistency; once Stage 8 is reached 
there are no occurrences of  a visible suture (figure 4.54). There is not a great deal of  useful information 
which can be gleaned from the data on the timing of  the distal radius fusion (figure 4.55). With the fusion of  
the proximal tibia (figure 4.56), we can see that Stages 6 and 7 are briefly temporally interchangeable, but 
that there is a moment after which this is no longer the case. 



















0.010 0.513 0.649 - 0.178 0.843 0.818 0.439
Sig. (2-
tailed)
0.975 0.012 0.005 - 0.561 0.000 0.000 0.078




Figure 4.54: Epiphyseal fusion of  the proximal humerus in 
M. murinus
Figure 4.53: Epiphyseal fusion of  the distal femur in M. 
murinus
Figure 4.55: Epiphyseal fusion of  the distal radius in M. 
murinus




The radiographs of  Aye-Ayes include individuals as young as 125 days, and include the almost the full range 
of  fusion stages (1 to 8); however, there was not an even distribution of  skeletal elements and sex. All eight 
skeletal elements correlated with age at the time of  radiograph, with the least significant being the proximal 
femur (r = 0.601, n = 11, p = 0.050) and the most significant being the distal radius (r = 0.980, n = 9, p = < 
0.01) (table 4.57). 
The graph of  the fusion for the proximal femur clearly demonstrates the aforementioned problem of  a lack 
of  equal results for both males and females: there is only one male datum point included (figure 4.58). 
Nonetheless, we can see the initially steep line of  epiphyseal development and fusion. This data is also able to 
add more nuance to previous studies of  epiphyseal fusion, as when using a three-stage system, the results here 
designated as Stages 4 and 5 would be classed as the same: instead we have a difference of  up to 70 days, 
with approximately the same amount of  time occurring between Stage 5 and the first example of  full fusion 
(Stage 6). The data for D. madagascariensis’ distal femur consists solely of  females (figure 4.59), and shows that 
fusion occurs slightly later than in the proximal femur. Fusion begins around 347 days, and is completed by 
739 days. Unlike the distal femur, the fusion of  the proximal humerus (figure 4.60) shows some variability 
between Stages 2 and 3.  




















0.601 0.794 0.803 0.840 0.688 0.980 0.917 0.974
Sig. (2-
tailed)
0.050 0.001 0.000 0.018 0.019 0.000 0.004 0.026
N 11 13 18 7 11 9 7 4
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There are not a large number of  datum points for the distal humerus (n = 7), but it appears to show 
consistency at Stage 3, followed by very fast development to Stage 5 (figure 4.61). It is not possible to 
ascertain whether this continues, however, as there are no examples of  Stages 6 or 7, and an extended period 
before an example of  Stage 8. As with the proximal femur, this may be why the male datum point lies so far 
from the interpolation line. We can see the potential impact of  a better spread of  female data on the 
relationship between the interpolation line and the male datum point in figure 4.62; whilst there is only one 
example of  a female Daubentonia madagascariensis achieving Stage 7, the male example does not dramatically 
differ from the prediction. Figure 4.63 shows the timing of  the fusion of  the distal radius. It demonstrates a 
period of  no change at stage three, there the epiphysis is fully formed, but fusion has not begun. Between 347 
and 739 days full fusion occurs. We can observe a similar pattern in the proximal and distal tibia (figures 4.64 
and 4.65). There are no examples of  these skeletal elements in individuals over 739 days, by which time full 
fusion had occurred (Stage 6). 
The radiographs include several around weaning age (150-213 days); three x-rays at 125 days old; and five at 
216 days, exclusively of  females. In all skeletal elements, bar the proximal femur and proximal humerus, we 
see Stage 3 throughout. There are occasions of  Stage 2 at both ages in the proximal humerus. The proximal 
femur, however, appear to go through a period of  rapid change around weaning. At 125 days old the 
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Figure 4.58: Epiphyseal fusion of  the proximal femur in D. 
madagascariensis
Figure 4.59: Epiphyseal fusion of  the distal femur in D. 
madagascariensis
epiphysis of  the proximal femur has only begun to form (Stage 1), but by 216 days it is fully formed and has 
begun to fuse (Stage 4). Looking slightly ahead to 286 days, it has reached Stage 5, whilst all other skeletal 
elements have yet to begin fusion. Sexual maturity occurs at around 30 months, or 900 days of  age. 
Unfortunately there are not radiographs at this age, but we can see that prior to this (at 739 days) fusion is 
complete in all skeletal elements (Stages 6 and 7). 
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Figure 4.60: Epiphyseal fusion of  the proximal humerus in D. 
madagascariensis
Figure 4.61: Epiphyseal fusion of  the distal humerus in D. 
madagascariensis
Figure 4.62: Epiphyseal fusion of  the proximal radius in 
D. madagascariensis




Gorilla gorilla gorilla 
The x-rays of  G. g. gorilla only include infants. The selection of  x-rays did include some of  the finger of  an 
adult female, but these are of  an unknown date (and therefore unknown age), and do not include any of  the 
anatomy being described here, and therefore were omitted. The rest of  the data comes from two individuals, 
one of  which is an infant post-mortem of  unknown sex. This is described in Chapter Six, due to the 
unknown factors which resulted in its premature death and, potentially, its pattern of  growth. The other is a 
male, who was x-rayed on four occasions (totalling 14 x-rays) between 92 and 257 days of  age. Due to the 
restricted number of  individuals, caution should be taken with regard to extrapolating species-wide fusion 
sequences. However, given the limited amount of  data available on gorilla skeletal maturation, it is hoped 
that this will add to the body of  academic knowledge nonetheless. 
One of  the eight skeletal elements in question correlated with age (table 4.66). The distal humerus did not 
correlate as this was a constant. This may be the cause of  the lack of  correlation in the other skeletal 
elements, also, however the proximal humerus correlates significantly (r = > 0.9, p = < 0.01). 
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Figure 4.64: Epiphyseal fusion of  the proximal tibia in 
D. madagascariensis
Figure 4.65: Epiphyseal fusion of  the distal tibia in D. 
madagascariensis
Figure 4.67, depicting the fusion of  the proximal humerus, also depicts some of  the uncertainty between 
Stages 1 and 2 at 92 days. This is the only skeletal element to be visible in the radiographs at 257 days, by 
which point the epiphysis has reached 
Stage 4 (partial fusion). This illustrates, 
once again, the usefulness of  the increased 
number of  stages presented in this 
research, and the additional detail they 
provide: in a three-stage system, stages 0-3 
would be grouped together (‘unfused’), and 
therefore it would be only in this skeletal 
element, where fusion is shown to have 
begun, that the data would be able to 
inform us of  anything at all. 
4.10 Hylobatidae 
The gibbon included in this dataset is the Agile gibbon, or Hylobates agilis. This, unfortunately, only consisted 
of  very limited data: a single adult male being the only agile gibbon in all but one radiograph. The four 
radiographs of  this individual occurred on the same day (aged 5757 days), and all visible skeletal elements are 
described as Stage 8 (no visible suture), therefore no meaningful analysis was possible. The single exception is 
that of  an in-utero foetus, which is discussed in the appendix. The age of  the mother is unknown, and 
therefore useful discussion of  the fusion of  her epiphyses was not possible. 




















- 0.284 0.951 - - - - 0.680
Sig. (2-
tailed)
- 0.496 0.000 - - - - 0.320
N 8 8 9 3 3 1 3 4
78
Figure 4.67: Epiphyseal fusion of  the proximal humerus in G. g. gorilla
4.11 Lemuridae 
Eulemur mongoz 
Fusion of  six of  the eight skeletal elements corresponds with age in E. mongoz (table 4.68). No radiographs 
included the distal humerus. the lack of  correlation regarding the distal radius may be, in part, due to the 
small sample size (n = 3). The radiograph collection included both males and females, ranging in age from 
187 to 2475 days, and exhibiting Stages 3 to 8. Despite the species’ aforementioned sexual 
monomorphism, the proximal femur exhibits an extreme difference between the sexes (figure 4.69), with 
Stage 3 in males coinciding with Stage 6 in females. A similar result can be seen in the distal femur, with male 
Stage 4 coinciding with female Stage 6 (figure 4.70). This may be due to, or at least associated with, the 
aforementioned difference in the timing of  sexual maturity between males and females of  this species. This 
does not appear to be the case with the proximal humerus, however (figure 4.71); both males and females are 
recorded at stage four at the same age. A lack of  intermittent data prevents the possibility of  ascertaining 
whether there is any sex difference subsequent to this. The proximal radius (figure 4.72) shows overlap 
between the sexes; as with the proximal humerus, females demonstrate Stage 5 at the same age as males show 
Stage 4, although it appears that females’ suture may remain visible for longer. There is not a large number 
of  examples of  the proximal tibia in females, but it appears that it achieves Stage 6 earlier than in males 
(figure 4.73). The distal tibia (figure 4.74) also suffers from a limited female sample, but it is interesting to note 
that this appears to demonstrate the reversal of  the previously discussed difference between the sexes. There 
are no radiographs of  this species around the age of  weaning (the youngest being of  individuals aged 187 
days). 




















0.604 0.744 0.892 - 0.834 0.500 0.866 0.978
Sig. (2-
tailed)
0.049 0.014 0.001 - 0.010 0.667 0.001 0.001




Figure 4.69: Epiphyseal fusion of  the proximal femur in E. 
mongoz
Figure 4.70: Epiphyseal fusion of  the distal femur in E. mongoz
Figure 4.71: Epiphyseal fusion of  the proximal humerus in E. 
mongoz




The data for long bones of  Eulemur rubriventer was not checked for correlation, as it was an extremely small 
dataset, consisting of  only two adult males (>1200 days of  age), and three of  the radiographs were solely of  
the cranium. Therefore no meaningful analysis could be performed. 
Hapalemur alaotrensis 
Other than the distal tibia, the timing of  the fusion of  all long bone epiphyses significantly (r = > 0.8, p = < 
0.01) correlated with age (table 4.75). The lack of  significant correlation between age and epiphyseal fusion in 
the distal tibia is likely to be due to the small sample size (n=3). The radiographs of  H. alaotrensis were 
extensive, and included regular x-rays of  a male from six days of  age, resulting in every fusion stage (0 to 8) 
being documented. These regular infant x-rays appear to have been taken due to the fact that two infants 
were initially hand-reared as their mother did not display any maternal behaviour towards them. It is not 
believed that they suffered from any developmental pathology. Due to the small size of  the bones of  the 
infant H. alaotrensis, and the fact that they appeared to have been awake for the radiographs (and therefore 
not always presented in an ideal position for analysis of  this type), it was not always possible to ascertain the 
fusion stage for all skeletal elements. 
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Figure 4.73: Epiphyseal fusion of  the proximal tibia in 
E. mongoz
Figure 4.74: Epiphyseal fusion of  the distal tibia in E. mongoz
The graph depicting the fusion timing of  the proximal femur (figure 4.76) shows the speed at which the 
epiphysis is formed and fused, with this occurring in full between 69 and 246 days of  age. Male and female 
results show a great deal of  overlap in this, and the distal femur (figure 4.77). It is in the pre-fusion stages of  
the distal femur that we again see the additional detail allowed by the greater number of  fusion stages. Where 
0-3 are ‘unfused’, we can observe the progression from zero (last observed at 27 days), to one (documented 
between 43 and 69 days), to three (occurring aged 84 days). These would yield the same result in a three-
stage analytical system.  
The timing of  the fusion of  the proximal humerus (figure 4.78) shows variation between males and females, 
with the former achieving later stages of  fusion earlier than the latter. However, as the epiphysis appears to 
form earlier in females than in males, this suggests an accelerated growth period in males, to facilitate them 
achieving full fusion (Stage 6) prior to females. This is not the case with the distal humerus, with both sexes 
demonstrating an identical timing of  fusion, where data for both sexes exists (figure 4.79). Both the proximal 
(figure 4.80) and distal (figure 4.81) radius have limited examples from female H. alaotrensis, however what 
data there is suggests that there is no difference between the sexes. For these skeletal elements there is, 
unfortunately, a lack of  middle stages. We can see that the proximal radius achieves Stage 6 between 69 days, 
when it is entirely unformed (Stage 0), and 246 days. This lack of  detail is even more pronounced in the distal 
radius, where there are no results between 69 days (Stage 0) and 736 days (Stage 8).The proximal tibia also 
lacks data from female Lac Alaotra gentle bamboo lemurs, but unlike the radius, it does show almost the full 
range of  fusion stages (figure 4.82). Stage 0 is recorded in all examples of  individuals up to 69 days old and 
by 84 days Stage 2 is achieved. There is some difference between the sexes regarding the state of  fusion at 




















0.810 0.893 0.903 0.937 0.908 0.984 0.875 0.877
Sig. (2-
tailed)
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.320
N 26 18 19 18 17 9 14 3
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246 days; in females full fusion has been achieved, whereas in males we see Stage 5, where the epiphysis is not 
yet entirely fused to the diaphysis. 
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Figure 4.76: Epiphyseal fusion of  the proximal femur in 
Hapalemur alaotrensis
Figure 4.77: Epiphyseal fusion of  the distal femur in 
Hapalemur alaotrensis
Figure 4.78: Epiphyseal fusion of  the proximal humerus in 
Hapalemur alaotrensis





Figure 4.80: Epiphyseal fusion of  the proximal radius in 
Hapalemur alaotrensis
Figure 4.81: Epiphyseal fusion of  the distal radius in 
Hapalemur alaotrensis
Figure 4.82: Epiphyseal fusion of  the proximal tibia in 
Hapalemur alaotrensis
Lemur catta 
The results from the Ring-tailed lemur are demonstrative of  the problems with data of  this type, and it is 
especially noticeable in that, of  all the results checked for correlation, those of  L. catta are the only ones to 
demonstrate no correlation between age and the fusion of  the proximal humerus (table 4.83). This is 
attributed to the fact that there were only three radiographs of  individuals who were less than three years old 
(one at 93 days, and two at 278 days).  
There were no radiographs showing the distal radius, and only one of  the distal tibia. Due to the lack of  
correlations, only the results from the distal femur (which includes data from both of  the younger individuals) 
was graphed (figure 4.84). This skeletal element was only visible in radiographs of  male Ring-tailed lemurs. 
At 93 days the epiphysis is fully formed but fusion has not begun. This is within the weaning age range of  this 
species (60-180 days). By 278 days the 
epiphysis is mostly fused. The available data 
are not extensive enough to ascertain at what 
age full fusion is achieved. The interpolation 
line suggests that this would occur at slightly 
less than 1000 days of  age, but this is not a 
reliable deduction, as there are no examples 
of  fusion at Stages 6 or 7, and therefore the 
observation that Stage 8 is achieved by 2664 
days only really indicates that it is achieved at 
some point prior to this age. 




















0.352 0.950 0.382 0.320 0.311 - 0.982 -
Sig. (2-
tailed)
0.199 0.050 0.144 0.210 0.195 - 0.121 -
N 15 4 16 17 19 0 3 1
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Figure 4.84: Epiphyseal fusion of  the distal femur in Lemur catta
4.12 Lorisidae 
Nycticebus pygmaeus 
The radiographs of  two N. pygmaeus were omitted due to unknown dates of  birth. The individuals of  known 
age ranged from 165 to 5378 days at the time of  x-ray, however, due to the relatively fast growth schedule of  
this species, even the youngest showed Stages 6 and above for many skeletal elements. This was a 
contributing factor to the results for the distal humerus being a constant despite the comparatively large 
sample (n = 19): all individuals showed Stage 8 (table 4.85). 
The timing of  the fusion of  the distal femur shows males and females achieving Stage 6 by the same age, and 
that both sexes have some interchangeability, throughout their lives, between Stages 7 and 8, suggesting that 
total obliteration of  the epiphyseal suture may not always occur (figure 4.86). This may also be the case in the 
proximal humerus (figure 4.87), the radius (figures 4.88 and 4.89, and proximal tibia (figure 4.90). Where 
examples of  pre-fusion stages exist, there is no discernible difference between the sexes. With the proximal 
humerus and distal radius the female interpolation line corresponds with the datum point for the male. The 
only examples of  differing results between the sexes at the same age are between Stages 7 and 8. If  the 
suggestion posited above is correct (that the suture remains faintly visible throughout the life of  some 
individuals) then this is down to individual variation as opposed to a sex-based difference. The youngest 
individuals depicted in the radiographs are older than the higher end of  the weaning age range. 




















0.244 0.465 0.394 - 0.354 0.425 0.519 0.456
Sig. (2-
tailed)
0.186 0.004 0.007 - 0.032 0.024 0.002 0.136




Figure 4.86: Epiphyseal fusion of  the distal femur in N. 
pygmaeus
Figure 4.87: Epiphyseal fusion of  the proximal humerus in 
N. pygmaeus
Figure 4.88: Epiphyseal fusion of  the proximal radius in 
N. pygmaeus





The radiographs of  P. pithecia included those of  a deceased infant; however, as it is described by the vets as an 
otherwise healthy individual, who was euthanised due to injury, it is included here, as it did not suffer from 
any pathology that may influence the results. However, as it was of  unknown sex it is not possible to ascertain 
whether there are any sex differences at this early stage, despite having radiographs of  a male only slightly 
older. Correlation tests of  the distal humerus did not yield any results as this was a constant, with all examples 
of  this skeletal element being designated at Stage 8 (table 4.91).  
Fusion of  the distal femur occurs between 221 days (Stage 3) and 485 days (Stage 6), however the lack of  
data makes discerning the exact age impossible (figure 4.92). The proximal humerus (figure 4.93) has a wider 
range of  data, and shows a somewhat varied pattern of  fusion.  
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Figure 4.90: Epiphyseal fusion of  the proximal tibia in N. 
pygmaeus
It may be of  interest to observe that, despite this variation, after the first example of  fusion beginning (Stage 
4) there is no example of  an earlier stage. This indicates that, although the rate of  fusion appears to be 
varied, there is a ‘terminal’ age beyond which, fusion will always have begun (143 days). This is of  particular 
interest as weaning is documented as occurring at 140 days of  age. Whilst the timing of  the fusion of  the 
tibia does correlate with age, the data does not contain enough detail to interpret much which will contribute 
to knowledge. With the proximal tibia (figure 4.94) fusion is at Stage 3 at 143 days, and has reached Stage 6 
by 485 days. Even less detail can be extrapolated from the distal tibia (figure 4.95); fusion has begun (Stage 4) 
by 143 days, and the suture is not visible in individuals who are 4125 days old. 




















0.389 0.868 0.729 - 0.346 - 1.000 1.000
Sig. (2-
tailed)
0.110 0.011 0.000 - 0.124 - 0.000 0.000
N 18 7 24 6 21 2 5 3
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Figure 4.92: Epiphyseal fusion of  the distal femur in P. 
pithecia




Almost all the radiographs of  C. cupreus depicted adult animals, and therefore many results were constants 
(Stage 8), or included only the final two stages (table 4.96). The proximal femur (Stage 6) and proximal 
humerus (Stages 4 and 5) were depicted in radiographs of  a male, aged 286 days. There were no examples of  
entirely unfused epiphyses. Only two skeletal elements correlated with age. 
The proximal humerus (figure 4.97) shows that fusion has begun by 286 days, and is completed by 764 days, 
after which the suture gradually disappears. There are no examples of  males and females at the same age, 
and therefore it is unknown whether there is any difference between the sexes in the timing of  epiphyseal 
fusion. Even less data is available for the distal tibia (figure 4.98), and all that can be deduced is that, as with 
the proximal humerus, the epiphyseal suture is no longer visible later in life.   




















0.535 - 0.913 - - 1.000 - -
Sig. (2-
tailed)
0.138 - 0.000 - - 0.000 - -
N 9 3 19 0 5 3 3 3
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Figure 4.94: Epiphyseal fusion of  the proximal tibia in P. pithecia Figure 4.95: Epiphyseal fusion of  the distal tibia in P. pithecia
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Figure 4.98: Epiphyseal fusion of  the distal radius in C. 
cupreus
Figure 4.97: Epiphyseal fusion of  the proximal humerus in C. 
cupreus
5. Comparative Results 
This chapter will focus upon the results of  comparing those described in Chapter 4, with the intention of  
ascertaining how familial relationships impact the timing and sequence of  epiphyseal fusion. Fusion stages 
and timing will be compared between skeletal elements, and between species. Comparisons will be drawn 
based upon phylogenetic relationships. Phylogenetic relationships are often the subject of  academic debate. 
In order to add to the research on this topic the fusion timings of  species within the same family were 
compared. As the proximal humerus was most frequently statistically significant in its correlation with age, 
this was the skeletal element focused upon. Comparisons within families are discussed in the same order as 
above. The fusion sequences of  the majority of  species in this dataset are then discussed and compared, and 
applied to a phylogenetic tree. 
Callitrichidae 
The first primate family represented by multiple species were Callitrichidae. The dataset included radiographs 
of  C. goeldii, C. geoffroyi, L. chrysomelas, and L. rosalia. A bivariate correlation test was run to ascertain whether, 
even with these four species grouped together, the age of  the individual still correlated with the epiphyseal 
fusion, the hypothesis being that if  there were significant differences then correlation would be less than as 
individual species, or that there would be no correlation at all. What we see is in fact significant correlation 
(table 5.1). This suggests a level of  homogeneity in the timings of  proximal humeral fusion in this family. 
Table 5.1: Callitrichidae proximal humerus
Group Pearson Correlation Significance
C. goeldii r = 0.478 p = 0.009
C. geoffroyi r = 0.818 p = 0.000
L. chrysomelas r = 0.722 p = 0.005
L. rosalia r = 0.541 p = 0.030
Callitrichidae r = 0.543 p = 0.000
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Visualisation of  the data supports this hypothesis (figure 5.2). Although the ages of  some individuals went up 
to 5863 days, data is only shown up to 2500 days for the sake of  clarity. This allows us to see a great deal of  
similarity between the species, especially at the earlier stages. Exceptions are, in both cases, C. goeldii, with 
examples of  relatively early Stage 8, and late Stage 4. C. geoffroyi also exhibits a great deal of  changeability, 
although this is predominantly later in life, between stages 7 and 8. That such similar results should exist 
between members of  the same genus - the two Leontopithecus - may not be surprising. However, given the 
presence of  Callimico goeldii (a monotypic species with different dentition to the rest of  the family) within this 
sample, one may hypothesise that phylogenetic relationships may not be the fundamental influencer. All four 
species are similar in size, subsistence, and locomotion, and it is postulated therefore that an as yet unknown 
factor, but potentially one of  these, dictates the age at which the epiphysis of  the proximal humerus fuses. 
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Figure 5.2: The relative timings of  the fusion of  the proximal humerus in Callitrichidae
The next comparative study of  Callitrichidae was intended to ascertain the existence of  any intra-species 
variation in the sequence (as opposed to timing) of  the fusion of  all the epiphyses. The average age of  
individuals exhibiting a particular fusion stage was ascertained. Stages 4 and 6 were focused upon, as these 
describe the beginning and end of  the main fusion period. Results marked with an asterisk refer to where 
there was only a single example of  this stage recorded. In some instances it was exhibited by an individual 
who demonstrated unusually delayed fusion, with stages 3 and 4 recorded at over two years of  age. This 
individual suffered from no known pathologies, and therefore it is believed that this is within the normal 
range for this species; however, we can see how only having a result from this individual impacts the results: 
for the distal radius fusion is achieved over 100 days before it is begun! There were very few applicable 
examples of  L. chrysomelas.  
The most striking species difference within Callitrichidae is the amount of  time that the fusion of  the distal 
radius takes (figure 5.5). In C. goeldii and C. geoffroyi it is the last epiphysis to fully fuse and also the last to start 
in C. goeldii, while this is clearly not the case in C. geoffroyi. The start of  fusion occurs at a similar time for all 
species for whom the relevant data was available; however, C. geoffroyi finishes fusion in the distal radius, and 
tibia, much later than others. Conversely, fusion is completed earlier for this species in the femur, and 
proximal humerus. This indicates that, while the results for the proximal humerus remain statistically 
Table 5.3: Average age of  stage four
PF DF PH DH PR DR PT DT
C. goeldii 191 199.5 191.67 - 195 755* 204.57 195*
C. geoffroyi 96* 209.36 247.78 - 96* 229.86 236.13 249.50
L. chrysomelas - - - - - - - -
L. rosalia - - 285 - - 285 - -
Table 5.4: Average age of  stage six
PF DF PH DH PR DR PT DT
C. goeldii 436.67 453.75 498 - - 617 470.33 -
C. geoffroyi 307.44 300.80 345.33 245* 251.50 853 749 657.33
L. chrysomelas - 550* - - - - 307* -
L. rosalia - - 380.75 - - - 473 -
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significant when the four species are combined (and we can see that stages 4 to 6 in C. geoffroyi and L. rosalia 
are within the range of  C. goeldii) there are, in fact, differences in epiphyseal fusion within the family.  
Based upon the averages described above, the sequence of  fusion initiation for each species is as follows. 
Skeletal elements in parentheses occur at the same age. Those with an asterisk are based upon a single datum 
point as opposed to an average. The data from Leontopithecus was not detailed enough to ascertain fusion 
sequences. 
C. goeldii: 
Stage Four: PF - PH - [PR + DT*] - DF - PT - DR* 
Stage Six: PF - DF - PT - PH - DR 
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Figure 5.5: The age range of  Callitrichidae between stages 4 and 6
C. geoffroyi: 
Stage Four: [PF* - PR*] - DF - DR - PT - PH - DT 
Stage Six: DH* - PR - DF - PF - PH - DT - PT - DR 
In order to compare the fusion timing and budget of  the different skeletal elements within a species their 
earliest and latest examples were recorded (figures 5.6 to 5.9). This provided a range in which a specific stage 
of  fusion has been reported. It is assumed that each stage may have a slightly larger possible range than 
recorded here, as one cannot expect to have the first, or last, day in a particular stage category recorded. 
However, some stages are recorded for only a matter of  days, and therefore even with a margin of  error a 
reasonable level of  accuracy is preserved. Although the data for Leontopithecus (sp.) is largely lacking in ranges, 
we can see the age range for Stages 7 and 8 in many skeletal elements. Most importantly, we can see the 
diversity between the timing of  fusion and the age-range of  fusion between the epiphyses and between 
species. 
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Figure 5.6: Fusion stage ranges in C. goeldii Figure 5.7: Fusion stage ranges in C. geoffroyi
 
Lemuridae 
The second family represented by multiple species is Lemuridae: Eulemur mongoz, E. rubriventer, Hapalemur 
alaotrensis, and Lemur catta. The radiographs of  E. rubriventer are not conducive to meaningful analysis and are 
omitted. The lack of  significant correlation between epiphyseal fusion and age in the dataset, described in 
Chapter 4, means that Lemur catta are also omitted from further discussion. E. mongoz and H. alaotrensis will be 
focused upon in here. Although the exact relationships within this family are debated, Hapalemur and Eulemur 
are not considered to be closely related (Pastorini et al. 2002), and therefore it will be interesting to ascertain 
whether their familial association determines this feature of  their ontogeny. The two species do, however, 
exist in different ecological niches, with H. alaotrensis being unusual in its cathemeral behaviour and 
specialised diet (Reibelt et al. 2017), and therefore differences in their ontogeny may be due to ecological and 
behavioural differences, as opposed to purely phylogenetic ones. 
As predicted by both their different ecological niches and their disparate phylogeny, combining the two 
species reduces the Pearson correlation between age and epiphyseal fusion of  the proximal humerus, 
although it remains statistically significant in all cases (table 5.10). 
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Figure 5.8: Fusion stage ranges in L. chrysomelas Figure 5.9: Fusion stage ranges in L. rosalia
Unfortunately the data includes both stages 4 and 6 in one skeletal element for each of  the two species, and it 
is not the same skeletal element (distal femur and proximal humerus); therefore, it cannot grant the same 
insight as is possible with Callitrichidae. Stage 3 occurs in the proximal humerus at a younger age in E. mongoz 
than in H. alaotrensis. Fusion of  the proximal femur is completed (Stage 6) earlier in H. alaotrensis than E. 
mongoz, but the opposite is true of  the distal femur and proximal tibia. It is also evident that the distal femur 
both begins and completes the fusion process in E. mongoz younger than the proximal humerus of  H. 
alaotrensis, and that this occurs much faster in the former. 
Further analysis of  the average fusion-age combination was performed by attempting to ascertain the various 
periods of  time invested in the fusion of  each skeletal elements. The average fusion stage at each age was 
documented (table 5.11).  
Then the maximum duration spent at that stage was ascertained (figures 5.12 and 5.13). These results will 
show a larger period for many stages; as the exact moment where an individual goes from one stage to 
another is unknown this was treated as if  it occurred on the subsequent day to the last record of  the previous 
stage.  The actual age range for each stage will fall within this. However, an accurate range for Stage 8 is 
Table 5.10: Lemuridae proximal humerus
Group Pearson Correlation Significance
E. mongoz r = 0.892 p = 0.001
H. alaotrensis r = 0.903 p = 0.000
Lemuridae r = 0.691 p = 0.000
Table 5.11: Average age at Stages 4 and 6





- - 246 - - - - -
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Stage 
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known. This, once again, demonstrates the benefit of  this form of  analysis, as the schedule of  suture 
obliteration is now known. A similar benefit is apparent at the other end of  the scale. In the common 3-stage 
system, stages 0 to 3 would be under the same umbrella category, with the next stage beginning at Stage 4. 
Instead we can see much more detail in the early stages of  epiphyseal formation, especially in the distal 
femur, proximal radius, and proximal tibia. 
 
To explore the relationship between epiphyseal fusion and evolution, the sequence of  fusion was ascertained, 
in order to see which epiphysis was the first to reach each stage (table 5.14). Species for which there was not 
enough data, such as Leontopithecus chrysopygus, were omitted. The skeletal elements were assigned colours, and 
plotted on to a phylogenetic tree. The proximal femur is represented by red, the proximal humerus green, the 
distal femur blue, and the proximal tibia yellow. Initially the start of  fusion (Stage 4) was examined. No 
elements other than the aforementioned four were among the first to begin fusion. No discernible 
phylogenetic or evolutionary pattern could be seen, other than that three of  the four species for whom the 
proximal femur began fusion first are lemuriformes (figure 5.15). However, this lack of  consistency was not 
the case with Stage 6, the first stage describing full fusion (figure 5.16). Instead, we see that the proximal 
femur (red) is the first to achieve full fusion in almost all cases. The exceptions are Trachypithecus auratus - for 
whom the distal femur is the first to fully fuse, and Callithrix geoffroyi, whose proximal humerus fuses first. This 
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Figure 5.12: The time span of  the fusion stages of  different 
skeletal elements in H. alaotrensis
Figure 5.13: Comparison between the fusion timing of  two 
different skeletal elements in H. alaotrensis and E. mongoz
difference may be due to locomotory, or some other ecological variation, sampling error, founder effect within 
the gene pool at Bristol Zoological Gardens, or some other unknown factor. In the case of  C. geoffroyi it is not 
postulated that the difference is caused by ecological factors, as C. goeldii displays the more typical result, as do 
other more distantly-related New World monkeys, who inhabit a similar ecological niche and have similar 
locomotorary methods. It is unfortunate that usable data does not exist for Leontopithecus spp. as this would be 
likely to increase the understanding of  this, and assist in the understanding as to whether C. geoffroyi is indeed 
the outlier it appears, or whether this is a common feature among tamarins and marmosets. In both cases, C. 
goeldii shares its fusion timing with S.s. sciureus. Given the high occurrence of  this result (the proximal femur 
being the first to fully fuse), it is postulated that in the last common ancestor for these species the proximal 
femur was the first epiphyses to reach full fusion. As a wide range of  species are represented within this 
dataset, it is further posited that one may expect to see this in most other species of  primate. However it 
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Table 5.14: Fusion sequence
First element to achieve stage…
Species 1 2 3 4 5 6 7 8
A. griseimembra No data No data PH PH PH PF PF PR
A. caraya No data No data All PF PF PF PF PF
C. cupreus No data No data No data PH PH PF DF PF
C. geoffroyi No data No data PH DF PF PH PR PR
C. goeldii No data No data No data PT PR PF PF PR
D. madagascariensis No data PH DF PF PF PF PR PH
E. mongoz No data No data No data PH PT PF PH DF
G. gorilla PH DF No data PH No data No data No data No data
H. alaotrensis DF PH PH PF PF PF PF PF
L. catta No data No data No data PT PR PF PR PR
L. chrysomelas No data No data No data No data No data No data PF PR
L. rosalia No data No data No data No data No data No data PH PF
M. fascaliaris No data No data No data DF PF PF DF PF
M. murinus No data No data No data No data No data No data DF PR
N. pygmaeus No data No data PF PF PF PF PF PF
P. pithecia No data No data No data PH PH PF PH PF
S. sciureus No data No data No data PT PH PF PF PF
















Figure 5.15: Phylogenetic tree showing the first skeletal elements 
to achieve Stage 4
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Figure 5.16: Phylogenetic tree showing the first skeletal elements 















cannot be stressed enough that the methodology employed here is of  a most simplistic kind (colouring the tips 
of  a phylogenetic tree). It is hoped that, rather than forming the basis of  any strong conclusions, instead this 
will simply demonstrate the potential feasibility of  using veterinary radiographs , and a nine-stage scoring 
system to describe epiphyseal fusion, as data for phylogenetic studies. It is hoped that others will conduct 
more detailed phylogenetic studies of  this in the future. 
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6. Discussion 
Interpretation of  the results presented here can be grouped into several sections: the continued visibility of  
the epiphyseal suture beyond fusion and its potential use as a diagnostic tool for ascertaining age; the 
relationship between behavioural markers of  ontogeny such as weaning and sexual maturity with epiphyseal 
fusion; the presence, or lack, of  sexual dimorphism in the timing of  fusion; and the relationship between 
adult size and fusion rate. These are not necessarily the only implications of  this research and novel 
methodology, but instead indicate its usefulness of  this approach for increasing the academic understanding 
of  the studied species. 
It has been demonstrated that the physeal scar can be used to accurately age A. griseimembra further into 
adulthood than could be observed by using a three-stage scoring system. In C. geoffroyi the physeal scar 
remains visible in males for longer than it does in females. In S. s. sciureus the reverse is true: the physeal scar 
remains visible in females longer than it does in males. The proximal humerus of  M. murinus demonstrates the 
gradual obliteration of  the physeal scar and therefore this skeletal element can be used to ascertain age 
beyond the initial fusion. In N. pygmaeus obliteration of  the epiphyseal scar does not always occur, highlighting 
the fact that this methodology for ageing individuals is not possible with all species. Therefore, we can state 
that, in some species (but not all, and not all skeletal elements), the added detail contained within the nine-
stage scoring system extends the viability of  ageing from radiographs further into adulthood. Why this is the 
case will, it is hoped, be the focus of  future research. Interestingly, it has shown that for some species there is a 
sex difference in the continued visibility of  the epiphyseal suture. This ties into what is seen in regard to the 
sometimes surprising sex differences within species. The variation which is seen in the continued visibility of  
the epiphyseal suture may be due to differences (between species, sexes, and skeletal elements) in the 
structural demands on the joint. 
Weaning is a behavioural marker often described in research on life histories, as it is clearly visible in the 
behaviour of  primates. In A. caraya Stages 3 and 4 occur around weaning age. In C. geoffroyi there is a wide 
range of  fusion stages between weaning and sexual maturity, but all skeletal elements have begun to fuse. In 
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S. s. sciureus we see a wide range of  fusion stages, from 3 to 8, around weaning age. In this species males tend 
to show later fusion stages around weaning than do females. D. madagascariensis show most elements at Stage 3 
around weaning, with the exception of  the proximal humerus (Stage 2), and the proximal femur (Stage 1). 
The proximal femur goes through a very rapid period of  growth and fusion around this age. In L. catta the 
epiphysis of  the distal femur is formed, but entirely unfused at the time of  weaning (Stage 3). With P. pithecia 
the fusion of  the proximal humerus coincides with weaning. We can see, then, that (with the exception of  the 
proximal humerus and femur of  the Aye-Aye), Stage 3 appears to coincide with weaning in the species 
described here, with fusion beginning around, or immediately subsequently. That this is a period of  
anatomical growth and change is unsurprising. It is, however, valuable to add this information to the largely 
established knowledge that the first molar erupts around this period, increasing our understanding of  the 
skeletal changes associated with this period of  development. It is hoped that future research will test this with 
other species. That fusion appears to occur during, or directly after weaning may be due to the changes in 
behaviour associated with this life history stage, as individuals will begin to search for their own food at this 
age, potentially increasing the stresses on the joints and necessitating greater stability. 
A second life history marker which has been explored alongside the data presented here is that of  sexual 
maturity. In A. griseimembra it is shown that epiphyseal fusion correlates with puberty; immediately prior to this 
behavioural and biological event we observe a wide range of  fusion stages. However immediately afterwards 
Stage 6 has been achieved in all skeletal elements, indicating that full fusion of  the epiphyses is associated 
with sexual maturity. In A. caraya the fusion of  the distal femur of  females occurs at the same age as sexual 
maturity. In C. goeldii the known delayed sexual maturity in males appears to be reflected in the epiphyseal 
fusion (time hypermorphosis), with some sex differences being observed at this age. In D. madagascariensis full 
fusion occurs prior to sexual maturity. Therefore there is evidence that Stage 6 coincides with the advent of  
sexual maturity in a range of  non-human primates, with a mosaic of  stages evident immediately prior. This is 
arguably associated with the concept that an individual animal must achieve full size prior to being able to 
successfully reproduce, and therefore we see the association between fusion of  the epiphyses and growth 
cessation. 
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Arguably the most interesting result demonstrated here is the presence of  sex differences in the timing of  
epiphyseal fusion in a wide range of  species, including those who are sexually monomorphic. In A. caraya we 
see rate hypermorphosis sexual dimorphism in the fusion timing of  the distal femur, with males reaching later 
fusion stages faster than do females. The reverse is seen in the proximal humerus of  this species. C. goeldii 
exhibit sexual dimorphism in the fusion of  the distal radius and distal tibia, with both elements fusing earlier 
in females than in males. C. geoffroyi demonstrate sex differences in the timing of  the epiphyseal fusion of  the 
distal tibia, with it being faster in females than in males. Although some sex difference is seen around 
weaning, in S. s. sciureus there is none by the time sexual maturity is reached. T. auratus has some sex difference 
in the fusion timing of  the proximal femur, but not the proximal humerus. E. mongoz exhibits sexual variation 
in the epiphyseal fusion of  the proximal femur, with it being faster in females than in males. H. alaotrensis 
shows sexual variation in the fusion schedule of  the proximal humerus, where it is faster in males than in 
females. It is interesting that this is observed in some, but not all, skeletal elements. It is hypothesised that this 
may be due to behavioural differences between the sexes, even in infancy, which require additional strength in 
particular skeletal elements, although at this stage this is only conjecture. 
While detailed analysis has not been performed, it appears that, on the whole, larger-bodied primates (at least 
those contained within this dataset) have a slower rate of  epiphyseal fusion than do smaller-bodied primates. 
In L. chrysomelas all radiographs showed Stage 5 or above, demonstrating the fast growth schedule of  this 
small-bodied species, as does M. murinus. N. pygmaeus show a fast growth schedule, with all skeletal elements 
being fused (Stage 6 or above) by 165 days old. Compare this to G. g. gorilla, for whom the epiphyses are still 
forming at over 250 days old. These are, however, extreme examples. The data from Bristol Zoo favoured 
small-bodied species, perhaps due to the relative ease of  keeping them in captivity, and therefore it is hoped 
that, as always, this can be tested further using the methodology described here. 
Furthermore, it is hoped that the research presented here can be reintegrated into Species 360 ZIMS, along 
with radiographs from other institutions. This would have two positive impacts. Firstly, and perhaps most 
importantly, it would allow this study to inform the veterinarians who care for the animals included, many of  
which are no longer at Bristol Zoological Gardens, by increasing the information available to them. Secondly 
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it would allow further study of  this type, increasing the academic understanding of  the epiphyseal fusion of  
nonhuman primates. This would be especially valuable in institutions which keep apes such as gorillas, for 
whom there is a dire lack of  literature discussing epiphyseal fusion, and for whom the research which has 
been conducted relies on very small sample sizes. There is a lack of  academic literature discussing some small 
bodied species, such as Callimico goeldii, due largely to the practical difficulties associated with studying them in 
the wild. It may also be suitable to recommend further studies of  this type be conducted upon endangered 
species of  primate, as there is the potential that increased knowledge of  these species may help in their 
conservation, however it should be noted that the majority of  nonhuman primates are, in fact, endangered.  
Ideally this research would also be a recommendation to create standardisation in the collection of  veterinary 
radiographs. While, of  course, some x-rays are taken with the explicit intent to focus on a specific, damaged 
bone, it would be hugely beneficial to research on epiphyseal fusion if  the standard practice when taking 
routine ‘check up’ radiographs, such as those conducted in association with a move to another institution, 
were always full body x-rays. Instead, it has been found that the focus is most often on the torso, often 
omitting the distal radius and tibia. Relating to this, it would be hugely beneficial if  dental radiographs were 
taken of  nonhuman primates, preventing the problem of  superimposition of  the dentition, and allowing for 
the detailed dental analysis which was not possible in this study. 
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7. Conclusion 
This research has demonstrated the viability of  using veterinary radiographs to age of  non-human primates, 
and some research implications of  these data. In the majority of  cases the results were statistically significant, 
especially the proximal humerus, and the most common reason for non-significant results was small sample 
sizes (a problem which could be resolved through a larger study, using data from multiple institutions). It has 
been shown that veterinary radiographs are not suitable for conducting research on dental eruption, due to 
the fact that the dentition is often superimposed and unclear, as well as being under-represented in the 
radiographs. It is hoped that this dissertation will encourage other academic institutions to make use of  the 
wealth of  veterinary radiographs within institutions such as zoos to further the study of  the skeletal 
development of  nonhuman primates. 
We have demonstrated that, as has been indicated by previous research, smaller-bodied primates demonstrate 
faster epiphyseal fusion schedules than larger bodied species, on the whole, but that there is some species 
specific variation, for example within Callitrichidae. We can see that behavioural markers of  growth and 
development, such as weaning and sexual maturity, have observable correlates within the timing of  
epiphyseal fusion. Perhaps most interestingly, it has been demonstrated that some sexually monomorphic 
species demonstrate variation, via both time and rate hypermorphosis, in the timing of  the epiphyseal fusion 
of  some skeletal elements. We have suggested here that phylogenetic relatedness does not impact the 
epiphyseal fusion sequence, however this is a very tentative conclusion. Demonstrating one aspect of  the 
usefulness of  the added detail which this novel methodology grants, it has been shown that, in some species, 
the gradual obliteration of  the physeal scar could be used to accurately age individuals further into adulthood 
than could previously published methods. 
It should be noted, however, that whilst the data described herein adds detail and nuance to the knowledge of  
non-human primate skeletal maturation, it is somewhat negatively impacted by its opportunistic nature. None 
of  the radiographs which form the basis of  this analysis were collected for the purpose of  analysing 
epiphyseal fusion or dental eruption. While this is a positive attribute of  this study when one considers the 
108
welfare of  the individuals (they were not exposed to unnecessary stress or radiation in order to collect the 
information), it is only possible to obtain a wide range of  data from a few radiographs as many focus on a 
specific anatomical element which was being assessed by the veterinary team, such as an injured limb. 
Furthermore, the ages of  individual animals at the time of  the radiographs are only occasionally comparable, 
and then only by chance, and in many instances include only adult individuals. Therefore this research 
should be viewed as a starting point, promoting radiographic analysis of  this type. 
This research could be further improved through the use of  larger datasets, perhaps through collaboration 
with other institutions that care for captive primates. As well as adding to the information available for the 
species described here, more species could be added. Whilst the research presented here explicitly focuses 
upon captive animals, it would benefit greatly from being disseminated in conjunction with radiographs of  
wild primates, to add further information to the theory that captivity alters the growth schedule of  these 
animals. 
The published data regarding the epiphyseal fusion of  nonhuman primates is limited, and suffers from a 
selection of  problems arising from the exclusive use of  dry-bone analysis. There is a wealth of  data 
potentially available from zoos and similar institutions, which is gathered without undue harm being caused 
to the animals, but which has unfortunately not been made use of  by the academic community. It is hoped 
that this research demonstrates the viability of  this resource. Furthermore, the use of  a novel nine-stage 
scoring system, as opposed to the more common three-stage system, has added detail and nuance to the 
information potentially contained within veterinary radiographs. 
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radius
Appendix A.14: Leontopithecus rosalia fusion of  the proximal 
femur




Appendix A.17: Leontopithecus rosalia fusion of  the 
proximal radius
Appendix A.18: Leontopithecus rosalia fusion of  the distal radius
Appendix A.19: Trachypithecus auratus fusion of  the distal 
femur




Appendix A.21: Trachypithecus auratus fusion of  the 
proximal tibia
Appendix A.22: Microcebus murinus fusion of  the proximal femur
Appendix A.23: Microcebus murinus fusion of  the distal 
humerus
Appendix A.24: Microcebus murinus fusion of  the proximal radius
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Appendix A.26: Gorilla gorilla gorilla fusion of  the proximal 
femur
Appendix A.25: Microcebus murinus fusion of  the distal tibia
Appendix A.27: Gorilla gorilla gorilla fusion of  the distal 
femur
Appendix A.28: Gorilla gorilla gorilla fusion of  the distal humerus
 
131
Appendix A.30: Gorilla gorilla gorilla fusion of  the distal radius
Appendix A.31: Gorilla gorilla gorilla fusion of  the proximal 
tibia
Appendix A.32: Gorilla gorilla gorilla fusion of  the distal tibia





Appendix A.34: Hapalemur alaotrensis fusion of  the distal tibia
Appendix A.35: Lemur catta fusion of  the proximal femur Appendix A.36: Lemur catta fusion of  the proximal humerus




Appendix A.37: Lemur catta fusion of  the distal humerus
Appendix A.40: Lemur catta fusion of  the distal tibiaAppendix A.39: Lemur catta fusion of  the proximal tibia




Appendix A.42: Nycticebus pygmaeus fusion of  the distal humerusAppendix A.41: Nycticebus pygmaeus fusion of  the proximal femur
Appendix A.43: Nycticebus pygmaeus fusion of  the distal tibia Appendix A.44: Pithecia pithecia fusion of  the proximal femur
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Appendix A.45: Pithecia pithecia fusion of  the distal humerus Appendix A.46: Pithecia pithecia fusion of  the proximal radius
Appendix A.47: Pithecia pithecia fusion of  the distal radius Appendix A.48: Callicebus cupreus fusion of  the proximal femur
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Appendix A.49: Callicebus cupreus fusion of  the distal 
femur
Appendix A.50: Callicebus cupreus fusion of  the proximal radius
Appendix A.51: Callicebus cupreus fusion of  the proximal 
tibia
Appendix A.52: Callicebus cupreus fusion of  the distal tibia
Appendix B 
Description of  dental eruption 
Appendix B.1: Aotus griseimembra dentition 
Only five radiographs of  A. griseimembra include the dentition. Two are male, and four are female. The age 
range is 796 to 6051 days at the time of  x-ray. All show full occlusion (stage five) of  all visible teeth. Therefore 
it is not possible to test the hypothesis that M1 erupts at around 150 days for this species. 
Appendix B.2: Alouatta caraya dentition 
Only eleven of  the radiographs of  healthy individuals included the dentition, and in almost all cases full 
occlusion had been achieved. There were two exceptions. The first is a female, aged 285 days. Both M1 and 
M2 are fully erupted (stage five). No other maxillary dentition is clearly visible. In the mandible M1 and M3 
are visible. M1 is at stage 2, and M3 is at stage 1, i.e. they are both visible within the jaw, but have not begun 
to erupt in to the gum. This is interesting, as the eruption of  M1 is often described as corresponding with 
weaning, therefore one may expect M1 in the upper and lower jaw to display similar stages of  eruption. 
However, A. caraya are known to wean at between 9.4 and 9.7 months (Romina et al. 2016), which is 
fractionally later than the individual described here, and therefore it is hypothesised that the unerupted M1 in 
the mandible would have erupted soon after the radiograph was taken. The other relevant radiograph is of  a 
male aged 679 days. The maxillary M3 is stage 2 (fully formed and entirely contained within the jaw bone), 
and the mandibular M3 is stage 3 (tooth has erupted beyond the bone but not the gingival layer). 
Appendix B.3: Ateles belzebuth dentition 
Two radiographs of  A. belzebuth include the dentition. They are both of  the same, male, individual. One was 
taken at 1218 days of  age, and shows full occlusion of  all teeth. The other was taken at 533 days, and shows 
the difficulty in analysing the dentition in non-dental x-rays. It can be ascertained that there are some 
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deciduous teeth, fully erupted, and permanent dentition within the jaw. However, given that both left and 
right jaws are superimposed upon each other, more precise analysis is not possible, as one cannot accurately 
decide which tooth is which. It is radiographs in this style which illustrate a significant problem with this 
methodology, or, at least, an instance where the use of  skeletal remains (as opposed to radiographs) would 
allow for more accurate and precise analysis.  
Appendix B.4: Ateles hybridus dentition 
No radiographs of  A. hybridus include the dentition. 
Appendix B.5: Callimico goeldii dentition 
Many of  the radiographs of  Goeldii’s include the dentition, but are unclear due to superimposition of  the 
dentition, and in some cases also the equipment used to anaesthetise the animal for x-ray. At 192 days of  age 
we can see full occlusion of  the teeth, with the suggestion of  the permanent dentition within the jaw, 
although this is not certain. By 542 days we see full occlusion of  the dentition, with no sign of  further teeth 
within either the mandible or maxilla. 
Appendix B.6: Callithrix geoffroyi dentition 
The youngest Geoffroyi’s marmosets included in the radiographic dataset are 96 days old. At this point the 
molars are visible within the jaw, as is the canine (assumed to be part of  the permanent dentition). At both 
199 and 245 days, M2 has erupted beyond the bone in both the mandible and maxilla, but is not in 
occlusion. It is unclear whether it has erupted beyond the gingival layer. By 251 days full occlusion has been 
achieved for all dentition visible in the radiographs. 
Appendix B.7: Leontopithecus chrysomelas dentition 
There is a lack of  juvenile radiographs depicting the dentition of  this species, therefore all that could be 
ascertained is that, by 550 days, all teeth are in full occlusion. It is likely that this occurs significantly earlier, 
however this cannot be demonstrated with this data set. 
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Appendix B.8: Leontopithecus chrysopygus dentition 
Whilst the radiographs of  L. chrysopygus do include some which depict the dentition very clearly, the youngest 
are 4998 days old at the time of  x-ray, and therefore, as one may expect, exhibit full occlusion in all dentition. 
Appendix B.9: Leontopithecus rosalia dentition 
The superposition of  the dentition in the radiographs makes analysis problematic, however it appears that at 
285 days all the dentition is in full occlusion other than P3, which has erupted beyond the bone. It is unclear 
whether it has erupted beyond the gingival layer. 
Appendix B.10: Saimiri sciureus sciureus dentition 
Due to the large sample size, the dental dataset for common squirrel monkeys was by far the largest presented 
here, however it still suffered from the aforementioned lack of  clarity due to the superposition of  each side of  
the dentition, and sometimes from the placement of  the anaesthetic equipment. The youngest individual was 
118 days old at the time of  x-ray: two molars are visible within the mandible, and all other (presumably 
deciduous) dentition is in full occlusion. At 163 days old the molars are visible in both the maxilla and the 
mandible, the permanent premolars are visible in the mandible, and the permanent canine can be seen in the 
maxilla. A squirrel monkey aged 181 days at the time of  x-ray has one molar, apparently M3, visible in the 
mandible, with all other dentition in full occlusion. It is not clear whether these are the permanent or 
deciduous teeth. A much clearer radiograph, at 201 days, shows M3 partially erupted, with all deciduous 
teeth in full occlusion and all other permanent dentition visible in the mandible. At 207 days M1 and M3 
appear partially erupted. An individual aged 218 days exhibits M3 partially erupted in the maxilla, and all 
other permanent dentition visible in the mandible. At 220 days the molars, premolars, and canines appear in 
full occlusion, with a partially erupted mandibular incisor (although this may be a false result due to the angle 
of  the cranium in the radiograph). At 281 days a common squirrel monkey has all dentition in full occlusion, 
however at 308 days old a different individual has an unerupted canine visible in the mandible, at 310 days a 
different individual has an unerupted premolar in the mandible, and a third animal, at 311 days, has an 
unerupted canine in the mandible. All individuals from then on, being 312 days and older, have full occlusion 
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of  all dentition. This indicates that there is some individual variation in the timing of  dental eruption in this 
species, with the molars erupting between 201 and 220 days of  age. 
Appendix B.11: Cercopithecus neglectus dentition 
There was only a single radiograph depicting the dentition of  this species: somewhat unsurprisingly, at 2002 
days all permanent dentition is in full occlusion. 
Appendix B.12: Mandrillus leucophaeus dentition 
No radiographs of  M. leucophaeus depict the dentition. 
Appendix B.13: Daubentonia madagascariensis dentition 
Six radiographs depicted the dentition of  Aye-ayes, however none showed dental development. At 125 days 
the dentition, presumably deciduous, is in full occlusion. Chronologically the next radiographs are of  an 
animal at 347 days old (of  which there are two which include the jaws, and show full occlusion). This is also 
the case at 739 days, and, unsurprisingly, at 5324 days. No useful information can be ascertained from these 
radiographs. 
Appendix B.14: Gorilla gorilla gorilla dentition 
While several radiographs of  G. g. gorilla include the dentition, only three are clear enough to allow for useful 
description. Two are taken at 92 days, and one at 188 days old. Of  the former, the lower incisors are fully 
erupted, and the premolars are visible in the mandible. The canines and molars may also be in the maxilla 
but the images are too ‘cloudy’ to be certain. We have a clearer image at 188 days, although the canines are 
unclear. The incisors are in full occlusion, the dp2 (presumably deciduous) is fully erupted, and M1 and M2 
are clearly visible in the mandible. 
Appendix B.15: Eulemur mongoz dentition 
No radiographs of  Mongoose lemurs depict the dentition. 
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Appendix B.16: Trachypithecus auratus dentition 
Five radiographs included the dentition. The first is of  an individual aged 458 days at the time of  x-ray.  M3 
is visible in the jaw, as is a permanent tooth which may be either an incisor or a canine (it is not clear from 
the angle of  the radiograph). At 674 days M3 is still visible within the bone of  the jaw. All other teeth appear 
to be in full occlusion. At 1028 days M3 is partially erupted. By 1377 days all teeth are in full occlusion. It 
appears, then, that veterinary radiographs may be used to investigate the eruption of  M3 in this species, and 
we can infer that this is the last tooth to erupt. 
Appendix B.17: Macaca fascicularis dentition 
Several of  the radiographs which apparently included the dentition were over-exposed in the original, and 
therefore had to be omitted. This left ten useable images. At 151 days M1 is faintly visible in the bone of  both 
the maxilla and mandible. P2 has fully erupted, but P1 is apparent below the alveolar. It is not easily apparent 
whether these represent deciduous or permanent dentition. At 190 and 345 days M1 is still visible within the 
bone of  the jaw. At 626 days old, the M3 is visible within the mandible, and the permanent canines are visible 
within the bone of  both the maxilla and mandible. At both 1399 and 1609 days all dentition is in full 
occlusion. From this we can see that M1 erupts sometime between 345 and 626 days of  age, and that the 
permanent canines are some of  the last teeth to erupt. 
Appendix B.18: Microcebus murinus dentition 
Given that many radiographs of  the smaller-bodied primates depicted their entire body (and therefore the 
dentition), all of  the x-rays of  this species ostensibly included the teeth. However, the small stature of  the 
animals affected clarity, as did the superposition of  the dentition and, in several cases, the presence of  
medical equipment. This left just seven radiographs in which the dentition was clear. The youngest are four 
individuals, all x-rayed at 262 days old. Their teeth show full occlusion, with no sign of  the dentition with the 
jaw. This coincides with full fusion of  the long bones and, given the fast growth known to this species, is a 
slightly disappointing but not surprising result. 
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Appendix B.19: Hylobates agilis dentition 
Only a single radiograph of  H. agilis included the dentition, and then only the molars, which were in full 
occlusion at 5757 days old. 
Appendix B.20: Eulemur rubriventer dentition 
Two radiographs of  this lemur included the dentition. Both were of  the same individual, at the same age 
(1975 days), both were very clear, and exhibited full occlusion of  all the dentition. 
Appendix B.21: Hapalemur alaotrensis dentition 
Although the radiographs had provided a wealth of  developmental information concerning long bone 
development, this was not the case with the dentition: many of  the x-rays of  juveniles were taken from 
directly above the individual, obscuring the dentition. Six radiographs of  this species are described, although 
several were unclear. There are two of  different animals aged 246 days at the time of  radiograph. One 
appears to show P1 present, but unerupted, in the mandible. The other does not. All other dentition is in full 
occlusion, although it cannot be definitively ascertained whether these are deciduous or permanent teeth. 
The next radiograph is of  an individual aged 470 days. This shows full occlusion, as do x-rays at 675, 736, 
and 8561 days. 
Appendix B.22: Lemur catta dentition 
Three radiographs of  Ring-tailed lemurs include the teeth, with animals aged 640, 2811, and 9344 days at 
the time of  x-ray. All show full occlusion of  the dentition, with no unerupted deciduous teeth. 
Appendix B.23: Nycticebus pygmaeus dentition 
Twelve radiographs of  this species include the dentition, but all show full occlusion of  the dentition, even at 
165 days of  age. Although it is potentially possible that these are the deciduous teeth, no further dentition 
was visible within the jaw, so this suggest a fast dental developmental schedule. It may also be of  interest to 
note that one individual, aged 4603 and 4749 days at the time of  x-ray, appears to have lost a number of  
teeth, presumably due to old age. 
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Appendix B.24: Pithecia pithecia dentition 
Fifteen radiographs include the dentition, with an age range of  143 to 4580 days. The individual aged 143 
days is a post mortem, but is described as otherwise healthy, and died due to an accident and associated 
injury, and therefore it is not believed to have suffered from any pathology which would impact its 
development. At this age the incisors are fully erupted, with no dentition visible in the jaw, the canines are 
unerupted, the premolars are in full occlusion, and the molars are unerupted but visible in both the mandible 
and maxilla. At 221 days the teeth appear in the same stage of  development. At 272 days all but M3 are in 
full occlusion. The deciduous premolars are also in full occlusion, but the permanent premolars are now 
visible in the jaw. Neither the canines, nor the incisors are visible in this radiograph. Chronologically, the next 
x-ray is of  an individual aged 485 days, and shows all dentition in full occlusion, with no teeth visible in the 
jaw. This is the case with all subsequent radiographs. 
Appendix B.25: Callicebus cupreus dentition 
Of  the seven radiographs which include the dentition, there is a single one which does not show full occlusion 
of  the dentition. This is of  a individual aged 286 days (the youngest animal at the time of  radiograph), which 
shows full occlusion in all teeth other than M3, which is partially erupted in both the mandible and maxilla. 
Appendix C 
Information on the individual radiographs which can be found in Appendix E 
Species Sex Age at time of  x-ray (days) ARKS number Image name
Alouatta caraya Female 290 2780 2780.1
Alouatta caraya Female 290 2780 2780.2
Alouatta caraya Female 941 2780 2780.3
Alouatta caraya Female 941 2780 2780.4
Alouatta caraya Female 1151 2780 2780.5
Alouatta caraya Female 1151 2780 2780.6
Alouatta caraya Female 1151 2780 2780.7
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Alouatta caraya Female 1151 2780 2780.8
Alouatta caraya Female 1173 2780 2780.9
Alouatta caraya Female 1173 2780 2780.10
Alouatta caraya Male 679 2817 2817.1
Alouatta caraya Male 679 2817 2817.2
Alouatta caraya Male 1125 2817 2817.3
Alouatta caraya Male 1125 2817 2817.4
Alouatta caraya Male 1125 2817 2817.5
Alouatta caraya Male 1125 2817 2817.6
Alouatta caraya Female 285 7612 7612.1
Alouatta caraya Female 285 7612 7612.2
Alouatta caraya Female 1272 7612 7612.3
Alouatta caraya Female 1272 7612 7612.4
Alouatta caraya Female 1272 7612 7612.5
Alouatta caraya Female 3141 8451 8451.1
Alouatta caraya Female 3141 8451 8451.2
Alouatta caraya Female 3141 8451 8451.3
Alouatta caraya Female 3141 8451 8451.4
Alouatta caraya Male 487 8963 8963.1
Alouatta caraya Male 487 8963 8963.2
Alouatta caraya Male 421 8866 8866.1
Alouatta caraya Male 421 8866 8866.2
Alouatta caraya Male 421 8866 8866.3
Alouatta caraya Male 421 8866 8866.4
Alouatta caraya Male 421 8866 8866.5
Alouatta caraya Male 421 8866 8866.6
Alouatta caraya Male 3049 9168 9168.1
Alouatta caraya Male 3049 9168 9168.2
Alouatta caraya Male 3049 9168 9168.3
Alouatta caraya Male 1400 9596 9596.1
Sex Age at time of  x-ray (days) ARKS number Image nameSpecies
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Alouatta caraya Male 1400 9596 9596.2
Alouatta caraya Male 1400 9596 9596.3
Alouatta caraya Male 1400 9596 9596.4
Alouatta caraya Male 1400 9596 9596.5
Alouatta caraya Male 1400 9596 9596.6
Alouatta caraya Male 1400 9596 9596.7
Alouatta caraya Female 1347 9937 9937.1
Alouatta caraya Female 1347 9937 9937.2
Alouatta caraya Female 1201 9937 9937.3
Alouatta caraya Female 1201 9937 9937.4
Alouatta caraya Female 1201 9937 9937.5
Alouatta caraya Male 178 11615 11615.1
Alouatta caraya Male 185 11615 11615.2
Aotus griseimembra Male 6051 8923 8923.1
Aotus griseimembra Male 6051 8923 8923.2
Aotus griseimembra Male 6051 8923 8923.3
Aotus griseimembra Male 5167 8923 8923.4
Aotus griseimembra Male 5167 8923 8923.5
Aotus griseimembra Male 5167 8923 8923.6
Aotus griseimembra Male 796 8925 8925.1
Aotus griseimembra Male 796 8925 8925.2
Aotus griseimembra Male 796 8925 8925.3
Aotus griseimembra Female 4693 9502 9502.1
Aotus griseimembra Female 4693 9502 9502.2
Aotus griseimembra Female 4693 9502 9502.3
Aotus griseimembra Female 4693 9502 9502.4
Aotus griseimembra Female 3906 9502 9502.5
Aotus griseimembra Female 3906 9502 9502.6
Aotus griseimembra Female 3906 9502 9502.7
Aotus griseimembra Female 3906 9502 9502.8
Sex Age at time of  x-ray (days) ARKS number Image nameSpecies
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Aotus griseimembra Female 106 11559 11559.1
Aotus griseimembra Female 106 11559 11559.2
Aotus griseimembra Female 597 12188 12188.1
Aotus griseimembra Female 597 12188 12188.2
Aotus griseimembra Female 1302 12188 12188.3
Aotus griseimembra Female 1302 12188 12188.4
Aotus griseimembra Female 1302 12188 12188.5
Aotus griseimembra Female 1302 12188 12188.6
Aotus griseimembra Female 597 12188 12188.7
Aotus griseimembra Female 597 12188 12188.8
Ateles belzebuth Male 533 2615 2615.1
Ateles belzebuth Male 1189 2615 2615.2
Ateles belzebuth Male 1189 2615 2615.3
Ateles belzebuth Male 1218 2615 2615.4
Ateles hybridus Male 4112 11679 11679.1
Ateles hybridus Male 4112 11679 11679.2
Ateles hybridus Male 4112 11679 11679.3
Ateles hybridus Male 3828 11680 11680.1
Ateles hybridus Male 3828 11680 11680.2
Ateles hybridus Male 3828 11680 11680.3
Callicebus cupreus Male 286 8593 8593.1
Callicebus cupreus Male 286 8593 8593.2
Callicebus cupreus Male 764 8593 8593.3
Callicebus cupreus Male 764 8593 8593.4
Callicebus cupreus Male 764 8593 8593.5
Callicebus cupreus Male 1009 8593 8593.6
Callicebus cupreus Male 764 8593 8593.7
Callicebus cupreus Male 764 8593 8593.8
Callicebus cupreus Male 764 8593 8593.9
Callicebus cupreus Male 764 8593 8593.10
Sex Age at time of  x-ray (days) ARKS number Image nameSpecies
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Callicebus cupreus Male 764 8593 8593.11
Callicebus cupreus Male 2708 8593 8593.12
Callicebus cupreus Male 2708 8593 8593.13
Callicebus cupreus Male 2708 8593 8593.14
Callicebus cupreus Male 2708 8593 8593.15
Callicebus cupreus Male 2377 8593 8593.16
Callicebus cupreus Male 2377 8593 8593.17
Callicebus cupreus Male 2377 8593 8593.18
Callicebus cupreus Male 2377 8593 8593.19
Callicebus cupreus Male 2377 8593 8593.20
Callicebus cupreus Male 2377 8593 8593.21
Callicebus cupreus Female 3051 9198 9198.1
Callicebus cupreus Female 3051 9198 9198.2
Callicebus cupreus Female 3051 9198 9198.3
Callicebus cupreus Female 3051 9198 9198.4
Callicebus cupreus Female 3051 9198 9198.5
Callicebus cupreus Female 3180 9198 9198.6
Callicebus cupreus Female 2911 9198 9198.7
Callicebus cupreus Female 2911 9198 9198.8
Callicebus cupreus Female 2911 9198 9198.9
Callicebus cupreus Female 2911 9198 9198.10
Callicebus cupreus Female 2911 9198 9198.11
Callicebus cupreus Female 2911 9198 9198.12
Callicebus cupreus Female 3221 9198 9198.13
Callicebus cupreus Female 3221 9198 9198.14
Callimico goeldii Female 235 2867 2867.1
Callimico goeldii Female 235 2867 2867.2
Callimico goeldii Female 360 2867 2867.3
Callimico goeldii Female 360 2867 2867.4
Callimico goeldii Female 622 2867 2867.5
Sex Age at time of  x-ray (days) ARKS number Image nameSpecies
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Callimico goeldii Female 692 2867 2867.6
Callimico goeldii Female 692 2867 2867.7
Callimico goeldii Male 755 7543 7543.1
Callimico goeldii Male 755 7543 7543.2
Callimico goeldii Female 190 8071 8071.1
Callimico goeldii Female 190 8071 8071.2
Callimico goeldii Female 192 8071 8071.3
Callimico goeldii Female 192 8071 8071.4
Callimico goeldii Female 190 8071 8071.5
Callimico goeldii Female 190 8071 8071.6
Callimico goeldii Male 195 8307 8307.1
Callimico goeldii Male 195 8307 8307.2
Callimico goeldii Male 3922 8571 8571.1
Callimico goeldii Male 3922 8571 8571.2
Callimico goeldii Male 4883 8571 8571.3
Callimico goeldii Male 4883 8571 8571.4
Callimico goeldii Female 5221 8858 8858.1
Callimico goeldii Female 5221 8858 8858.2
Callimico goeldii Male 865 10683 10683.1
Callimico goeldii Male 865 10683 10683.2
Callimico goeldii Female 1560 11511 11511.1
Callimico goeldii Female 1560 11511 11511.2
Callimico goeldii Female 321 11511 11511.3
Callimico goeldii Female 321 11511 11511.4
Callimico goeldii Male 384 11773 11773.1
Callimico goeldii Male 384 11773 11773.2
Callimico goeldii Male 335 12181 12181.1
Callimico goeldii Male 335 12181 12181.2
Callimico goeldii Male 542 12181 12181.3
Callithrix geoffroyi Male 96 7790 7790.1
Sex Age at time of  x-ray (days) ARKS number Image nameSpecies
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Callithrix geoffroyi Male 96 7790 7790.2
Callithrix geoffroyi Male 96 7791 7791.1
Callithrix geoffroyi Male 96 7791 7791.2
Callithrix geoffroyi Male 245 8061 8061.1
Callithrix geoffroyi Male 245 8061 8061.2
Callithrix geoffroyi Male 749 8061 8061.3
Callithrix geoffroyi Male 749 8061 8061.4
Callithrix geoffroyi Male 245 8062 8062.1
Callithrix geoffroyi Male 245 8062 8062.2
Callithrix geoffroyi Male 775 8062 8062.3
Callithrix geoffroyi Male 775 8062 8062.4
Callithrix geoffroyi Male 305 8264 8264.1
Callithrix geoffroyi Male 606 8264 8264.2
Callithrix geoffroyi Male 606 8264 8264.3
Callithrix geoffroyi Female 199 8449 8449.1
Callithrix geoffroyi Female 199 8449 8449.2
Callithrix geoffroyi Female 474 8449 8449.3
Callithrix geoffroyi Female 474 8449 8449.4
Callithrix geoffroyi Female 251 8617 8617.1
Callithrix geoffroyi Female 265 8617 8617.2
Callithrix geoffroyi Female 251 8618 8618.1
Callithrix geoffroyi Female 305 8763 8763.1
Callithrix geoffroyi Female 305 8763 8763.2
Callithrix geoffroyi Male 320 8874 8874.1
Callithrix geoffroyi Male 320 8874 8874.2
Callithrix geoffroyi Female 320 8875 8875.1
Callithrix geoffroyi Female 320 8875 8875.2
Callithrix geoffroyi Female 1099 8875 8875.3
Callithrix geoffroyi Female 1289 8875 8875.4
Callithrix geoffroyi Female 1435 8875 8875.5
Sex Age at time of  x-ray (days) ARKS number Image nameSpecies
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Callithrix geoffroyi Female 1435 8875 8875.6
Callithrix geoffroyi Female 1596 8875 8875.7
Callithrix geoffroyi Female 1596 8875 8875.8
Callithrix geoffroyi Male 224 8997 8997.1
Callithrix geoffroyi Male 224 8997 8997.2
Callithrix geoffroyi Male 224 8997 8997.3
Callithrix geoffroyi Male 713 8997 8997.4
Callithrix geoffroyi Male 224 8998 8998.1
Callithrix geoffroyi Male 224 8998 8998.2
Callithrix geoffroyi Male 224 8998 8998.3
Callithrix geoffroyi Male 889 8998 8998.4
Callithrix geoffroyi Male 1079 8998 8998.5
Callithrix geoffroyi Male 1225 8998 8998.6
Callithrix geoffroyi Male 1225 8998 8998.7
Callithrix geoffroyi Male 1386 8998 8998.8
Callithrix geoffroyi Male 1386 8998 8998.9
Cercopithecus neglectus Female 2002 9376 9376.1
Cercopithecus neglectus Female 2002 9376 9376.2
Cercopithecus neglectus Female 2002 9376 9376.3
Cercopithecus neglectus Female 2002 9376 9376.4
Cercopithecus neglectus Female 2002 9376 9376.5
Cercopithecus neglectus Female 2002 9376 9376.6
Cercopithecus neglectus Female 2002 9376 9376.7
Cercopithecus neglectus Male 2561 10320 10320.1
Cercopithecus neglectus Male 2561 10320 10320.2
Cercopithecus neglectus Male 2561 10320 10320.3
Cercopithecus neglectus Male 2561 10320 10320.4
Cercopithecus neglectus Male 2561 10320 10320.5
Cercopithecus neglectus Male 2561 10320 10320.6
Cercopithecus neglectus Male 2561 10320 10320.7
Sex Age at time of  x-ray (days) ARKS number Image nameSpecies
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Daubentonia madagascariensis Female 5324 7876 7876.1
Daubentonia madagascariensis Female 5324 7876 7876.2
Daubentonia madagascariensis Female 5324 7876 7876.3
Daubentonia madagascariensis Female 5324 7876 7876.4
Daubentonia madagascariensis Female 125 8975 8975.1
Daubentonia madagascariensis Female 125 8975 8975.2
Daubentonia madagascariensis Female 125 8975 8975.3
Daubentonia madagascariensis Female 216 8975 8975.4
Daubentonia madagascariensis Female 216 8975 8975.5
Daubentonia madagascariensis Female 216 8975 8975.6
Daubentonia madagascariensis Female 216 8975 8975.7
Daubentonia madagascariensis Female 216 8975 8975.8
Daubentonia madagascariensis Female 216 8975 8975.9
Daubentonia madagascariensis Female 286 8975 8975.10
Daubentonia madagascariensis Female 286 8975 8975.11
Daubentonia madagascariensis Female 286 8975 8975.12
Daubentonia madagascariensis Female 347 8975 8975.13
Daubentonia madagascariensis Female 347 8975 8975.14
Daubentonia madagascariensis Female 347 8975 8975.15
Daubentonia madagascariensis Female 347 8975 8975.16
Daubentonia madagascariensis Female 347 8975 8975.17
Daubentonia madagascariensis Female 347 8975 8975.18
Daubentonia madagascariensis Female 739 8975 8975.19
Daubentonia madagascariensis Female 739 8975 8975.20
Daubentonia madagascariensis Female 739 8975 8975.21
Daubentonia madagascariensis Female 739 8975 8975.22
Daubentonia madagascariensis Female 739 8975 8975.23
Daubentonia madagascariensis Female 739 8975 8975.24
Daubentonia madagascariensis Male 1805 9903 9903.1
Daubentonia madagascariensis Male 1805 9903 9903.2
Sex Age at time of  x-ray (days) ARKS number Image nameSpecies
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Daubentonia madagascariensis Male 1805 9903 9903.3
Daubentonia madagascariensis Male 1805 9903 9903.4
Daubentonia madagascariensis Male 1805 9903 9903.5
Daubentonia madagascariensis Male 1805 9903 9903.6
Daubentonia madagascariensis Male 1805 9903 9903.7
Daubentonia madagascariensis Male 1817 9903 9903.8
Daubentonia madagascariensis Male 1817 9903 9903.9
Eulemur mongoz Female 1062 7745 7745.1
Eulemur mongoz Female 1062 7745 7745.2
Eulemur mongoz Male 187 8080 8080.1
Eulemur mongoz Male 187 8080 8080.2
Eulemur mongoz Male 255 8080 8080.3
Eulemur mongoz Male 255 8080 8080.4
Eulemur mongoz Male 255 8080 8080.5
Eulemur mongoz Male 920 8080 8080.6
Eulemur mongoz Male 920 8080 8080.7
Eulemur mongoz Male 920 8080 8080.8
Eulemur mongoz Male 920 8080 8080.9
Eulemur mongoz Female 201 8456 8456.1
Eulemur mongoz Female 201 8456 8456.2
Eulemur mongoz Female 866 8456 8456.3
Eulemur mongoz Female 866 8456 8456.4
Eulemur mongoz Male 2475 9031 9031.1
Eulemur mongoz Male 2475 9031 9031.2
Eulemur mongoz Male 2475 9031 9031.3
Eulemur mongoz Male 2475 9031 9031.4
Eulemur mongoz Male 2475 9031 9031.5
Eulemur rubriventer Male 1670 12749 12749.1
Eulemur rubriventer Male 1670 12749 12749.2
Eulemur rubriventer Male 1975 12749 12749.3
Sex Age at time of  x-ray (days) ARKS number Image nameSpecies
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Eulemur rubriventer Male 1975 12749 12749.4
Eulemur rubriventer Male 1975 12749 12749.5
Eulemur rubriventer Male 1281 12750 12750.1
Eulemur rubriventer Male 1281 12750 12750.2
Eulemur rubriventer Male 1281 12750 12750.3
Gorilla gorilla gorilla Unknown 2 2741 (mother’s 
ARKS number)
2741.1
Gorilla gorilla gorilla Unknown 2 2741 (mother’s 
ARKS number)
2741.2
Gorilla gorilla gorilla Unknown 2 2741 (mother’s 
ARKS number)
2741.3
Gorilla gorilla gorilla Unknown 2 2741 (mother’s 
ARKS number)
2741.4
Gorilla gorilla gorilla Male 92 2865 2865.1
Gorilla gorilla gorilla Male 92 2865 2865.2
Gorilla gorilla gorilla Male 92 2865 2865.3
Gorilla gorilla gorilla Male 92 2865 2865.4
Gorilla gorilla gorilla Male 92 2865 2865.5
Gorilla gorilla gorilla Male 92 2865 2865.6
Gorilla gorilla gorilla Male 92 2865 2865.7
Gorilla gorilla gorilla Male 92 2865 2865.8
Gorilla gorilla gorilla Male 105 2865 2865.9
Gorilla gorilla gorilla Male 105 2865 2865.10
Gorilla gorilla gorilla Male 105 2865 2865.11
Gorilla gorilla gorilla Male 105 2865 2865.12
Gorilla gorilla gorilla Male 188 2865 2865.13
Gorilla gorilla gorilla Male 188 2865 2865.14
Gorilla gorilla gorilla Male 257 2865 2865.15
Gorilla gorilla gorilla Male 257 2865 2865.16
Gorilla gorilla gorilla Male 257 2865 2865.17
Gorilla gorilla gorilla Male 257 2865 2865.18
Hapalemur alaotrensis Unknown 1 2600 (mother’s 
ARKS number)
2600.1
Hapalemur alaotrensis Male 2 7857 7857.1
Sex Age at time of  x-ray (days) ARKS number Image nameSpecies
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Hapalemur alaotrensis Male 66 8117 8117.1
Hapalemur alaotrensis Male 84 8117 8117.2
Hapalemur alaotrensis Male 675 8117 8117.3
Hapalemur alaotrensis Male 675 8117 8117.4
Hapalemur alaotrensis Male 675 8117 8117.5
Hapalemur alaotrensis Male 675 8117 8117.6
Hapalemur alaotrensis Male 675 8117 8117.7
Hapalemur alaotrensis Male 736 8117 8117.8
Hapalemur alaotrensis Male 736 8117 8117.9
Hapalemur alaotrensis Male 736 8117 8117.10
Hapalemur alaotrensis Male 6 8561 8561.1
Hapalemur alaotrensis Male 11 8561 8561.2
Hapalemur alaotrensis Male 11 8561 8561.3
Hapalemur alaotrensis Male 19 8561 8561.4
Hapalemur alaotrensis Male 27 8561 8561.5
Hapalemur alaotrensis Male 36 8561 8561.6
Hapalemur alaotrensis Male 43 8561 8561.7
Hapalemur alaotrensis Male 55 8561 8561.8
Hapalemur alaotrensis Male 62 8561 8561.9
Hapalemur alaotrensis Male 69 8561 8561.10
Hapalemur alaotrensis Male 246 8561 8561.11
Hapalemur alaotrensis Male 246 8561 8561.12
Hapalemur alaotrensis Male 246 8561 8561.13
Hapalemur alaotrensis Male 467 8561 8561.14
Hapalemur alaotrensis Male 467 8561 8561.15
Hapalemur alaotrensis Male 981 8561 8561.16
Hapalemur alaotrensis Male 981 8561 8561.17
Hapalemur alaotrensis Male 1086 8561 8561.18
Hapalemur alaotrensis Male 1086 8561 8561.19
Hapalemur alaotrensis Male 1086 8561 8561.20
Hapalemur alaotrensis Male 1086 8561 8561.21
Sex Age at time of  x-ray (days) ARKS number Image nameSpecies
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Hapalemur alaotrensis Female 6 8562 8562.1
Hapalemur alaotrensis Female 11 8562 8562.2
Hapalemur alaotrensis Female 11 8562 8562.3
Hapalemur alaotrensis Female 69 8562 8562.4
Hapalemur alaotrensis Female 246 8562 8562.5
Hapalemur alaotrensis Female 246 8562 8562.6
Hapalemur alaotrensis Female 246 8562 8562.7
Hapalemur alaotrensis Female 246 8562 8562.8
Hapalemur alaotrensis Female 246 8562 8562.9
Hapalemur alaotrensis Female 708 8562 8562.10
Hapalemur alaotrensis Female 708 8562 8562.11
Hapalemur alaotrensis Female 470 8790 8790.1
Hapalemur alaotrensis Female 470 8790 8790.2
Hapalemur alaotrensis Female 470 8790 8790.3
Hapalemur alaotrensis Female 848 8790 8790.4
Hapalemur alaotrensis Female 848 8790 8790.5
Hylobates agilis Female Unknown (includes in utero fetus) 9815 9815.1
Hylobates agilis Male 5757 9895 9895.1
Hylobates agilis Male 5757 9895 9895.2
Hylobates agilis Male 5757 9895 9895.3
Hylobates agilis Male 5757 9895 9895.4
Lemur catta Female 9344 1080 1080.1
Lemur catta Female 9344 1080 1080.2
Lemur catta Female 9344 1080 1080.3
Lemur catta Female 9344 1080 1080.4
Lemur catta Female 9344 1080 1080.5
Lemur catta Female 9344 1080 1080.6
Lemur catta Female 9344 1080 1080.7
Lemur catta Male 93 7659 7659.1
Lemur catta Male 93 7659 7659.2
Lemur catta Male 278 7659 7659.3
Sex Age at time of  x-ray (days) ARKS number Image nameSpecies
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Lemur catta Male 278 7659 7659.4
Lemur catta Male 1260 7659 7659.5
Lemur catta Male 1270 7659 7659.6
Lemur catta Male 1270 7659 7659.7
Lemur catta Male 1270 7659 7659.8
Lemur catta Male 1270 7659 7659.9
Lemur catta Male 2159 7659 7659.10
Lemur catta Male 2159 7659 7659.11
Lemur catta Male 2159 7659 7659.12
Lemur catta Male 2664 7659 7659.13
Lemur catta Male 2664 7659 7659.14
Lemur catta Male 2811 7659 7659.15
Lemur catta Male 2811 7659 7659.16
Lemur catta Male 2811 7659 7659.17
Lemur catta Male 2811 7659 7659.18
Lemur catta Male 2811 7659 7659.19
Lemur catta Male 2811 7659 7659.20
Lemur catta Female 632 8058 8058.1
Lemur catta Female 632 8058 8058.2
Lemur catta Female 640 10655 10655.1
Lemur catta Female 640 10655 10655.2
Lemur catta Female 640 10655 10655.3
Lemur catta Female 640 10655 10655.4
Lemur catta Female 640 10655 10655.5
Lemur catta Male 1500 12377 12377.1
Lemur catta Male 1500 12377 12377.2
Lemur catta Male 1500 12377 12377.3
Lemur catta Male 1500 12377 12377.4
Leontopithecus chrysomelas Female 1191 7619 7619.1
Leontopithecus chrysomelas Female 1191 7619 7619.2
Sex Age at time of  x-ray (days) ARKS number Image nameSpecies
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Leontopithecus chrysomelas Unknown Aborted fetus 7619 (mother’s 
ARKS number)
7619.3
Leontopithecus chrysomelas Female 1317 7619 7619.4
Leontopithecus chrysomelas Female 1317 7619 7619.5
Leontopithecus chrysomelas Female 2019 7619 7619.6
Leontopithecus chrysomelas Female 2019 7619 7619.7
Leontopithecus chrysomelas Female 2401 7619 7619.8
Leontopithecus chrysomelas Female 2401 7619 7619.9
Leontopithecus chrysomelas Female 2401 7619 7619.10
Leontopithecus chrysomelas Female 2401 7619 7619.11
Leontopithecus chrysomelas Female 2401 7619 7619.12
Leontopithecus chrysomelas Unknown 1 7619 (mother’s 
ARKS number)
7619.13
Leontopithecus chrysomelas Male 307 8072 8072.1
Leontopithecus chrysomelas Male 307 8072 8072.2
Leontopithecus chrysomelas Male 550 8072 8072.3
Leontopithecus chrysomelas Male 550 8072 8072.4
Leontopithecus chrysomelas Male 550 8072 8072.5
Leontopithecus chrysomelas Male 1845 8072 8072.6
Leontopithecus chrysomelas Male 1845 8072 8072.7
Leontopithecus chrysomelas Unknown Aborted fetus 9564 (mother’s 
ARKS number)
9564.1
Leontopithecus chrysomelas Female 3080 9564 9564.2
Leontopithecus chrysomelas Female 3080 9564 9564.3
Leontopithecus chrysomelas Female 3080 9564 9564.4
Leontopithecus chrysomelas Female 3095 9564 9564.5
Leontopithecus chrysomelas Female 3095 9564 9564.6
Leontopithecus chrysomelas Female 3095 9564 9564.7
Leontopithecus chrysomelas Female 2295 9564 9564.8
Leontopithecus chrysomelas Female 2295 9564 9564.9
Leontopithecus chrysomelas Female 2295 9564 9564.10
Leontopithecus chrysomelas Female 3112 9564 9564.11
Leontopithecus chrysomelas Female 3112 9564 9564.12
Sex Age at time of  x-ray (days) ARKS number Image nameSpecies
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Leontopithecus chrysomelas Female 3112 9564 9564.13
Leontopithecus chrysomelas Male 2290 10399 10399.1
Leontopithecus chrysomelas Male 2290 10399 10399.2
Leontopithecus chrysopygus Female 6020 2770 2770.1
Leontopithecus chrysopygus Female 6020 2770 2770.2
Leontopithecus chrysopygus Female 6020 2770 2770.3
Leontopithecus chrysopygus Male 5064 9830 9830.1
Leontopithecus chrysopygus Male 5096 9830 9830.2
Leontopithecus chrysopygus Male 5096 9830 9830.3
Leontopithecus chrysopygus Male 5096 9830 9830.4
Leontopithecus chrysopygus Male 4998 9830 9830.5
Leontopithecus chrysopygus Male 4998 9830 9830.6
Leontopithecus chrysopygus Male 4998 9830 9830.7
Leontopithecus chrysopygus Male 4998 9830 9830.8
Leontopithecus chrysopygus Male 4998 9830 9830.9
Leontopithecus rosalia Male 5863 9070 9070.1
Leontopithecus rosalia Male 5863 9070 9070.2
Leontopithecus rosalia Female 2382 11009 11009.1
Leontopithecus rosalia Female 2382 11009 11009.2
Leontopithecus rosalia Male 285 11418 11418.1
Leontopithecus rosalia Male 285 11418 11418.2
Leontopithecus rosalia Male 285 11418 11418.3
Leontopithecus rosalia Male 285 11418 11418.4
Leontopithecus rosalia Female 285 11419 11419.1
Leontopithecus rosalia Female 285 11419 11419.2
Leontopithecus rosalia Female 285 11419 11419.3
Leontopithecus rosalia Female 285 11419 11419.4
Leontopithecus rosalia Female 473 11836 11836.1
Leontopithecus rosalia Female 473 11836 11836.2
Leontopithecus rosalia Female 480 11837 11837.1
Leontopithecus rosalia Female 480 11837 11837.2
Sex Age at time of  x-ray (days) ARKS number Image nameSpecies
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Leontopithecus rosalia Female 623 12970 12970.1
Leontopithecus rosalia Female 623 12970 12970.2
Macaca facicularis Male 190 7940 7940.1
Macaca facicularis Male 190 7940 7940.2
Macaca facicularis Male 190 7940 7940.3
Macaca facicularis Male 190 7940 7940.4
Macaca facicularis Male 190 7940 7940.5
Macaca facicularis Male 345 7940 7940.6
Macaca facicularis Male 345 7940 7940.7
Macaca facicularis Male 345 7940 7940.8
Macaca facicularis Male 345 7940 7940.9
Macaca facicularis Male 1399 7940 7940.10
Macaca facicularis Male 1399 7940 7940.11
Macaca facicularis Male 1399 7940 7940.12
Macaca facicularis Male 1399 7940 7940.13
Macaca facicularis Male 1399 7940 7940.14
Macaca facicularis Male 1399 7940 7940.15
Macaca facicularis Male 1399 7940 7940.16
Macaca facicularis Male 1609 7940 7940.17
Macaca facicularis Male 1609 7940 7940.18
Macaca facicularis Male 2127 7940 7940.19
Macaca facicularis Male 2127 7940 7940.20
Macaca facicularis Male 2127 7940 7940.21
Macaca facicularis Male 2127 7940 7940.22
Macaca facicularis Female 151 7977 7977.1
Macaca facicularis Female 151 7977 7977.2
Macaca facicularis Female 151 7977 7977.3
Macaca facicularis Female 151 7977 7977.4
Macaca facicularis Female 1360 7977 7977.5
Macaca facicularis Female 1360 7977 7977.6
Macaca facicularis Female 1360 7977 7977.7
Sex Age at time of  x-ray (days) ARKS number Image nameSpecies
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Macaca facicularis Female 1360 7977 7977.8
Macaca facicularis Female 1360 7977 7977.9
Macaca facicularis Female 1360 7977 7977.10
Macaca facicularis Female 1360 7977 7977.11
Macaca facicularis Female 2088 7977 7977.12
Macaca facicularis Female 2088 7977 7977.13
Macaca facicularis Female 2088 7977 7977.14
Macaca facicularis Female 2088 7977 7977.15
Macaca facicularis Female 2088 7977 7977.16
Macaca facicularis Female 626 8711 8711.1
Macaca facicularis Female 626 8711 8711.2
Macaca facicularis Female 626 8711 8711.3
Macaca facicularis Female 626 8711 8711.4
Macaca facicularis Female 626 8711 8711.5
Macaca facicularis Female 626 8711 8711.6
Macaca facicularis Female 626 8711 8711.7
Macaca facicularis Female 1354 8711 8711.8
Macaca facicularis Female 1354 8711 8711.9
Macaca facicularis Female 1354 8711 8711.10
Macaca facicularis Female 1354 8711 8711.11
Mandrillus leucophaeus Male 2949 12635 12635.1
Mandrillus leucophaeus Male 2949 12635 12635.2
Mandrillus leucophaeus Male 2949 12635 12635.3
Mandrillus leucophaeus Male 2949 12635 12635.4
Mandrillus leucophaeus Male 2949 12635 12635.5
Mandrillus leucophaeus Male 2949 12635 12635.6
Mandrillus leucophaeus Male 2949 12636 12636.1
Mandrillus leucophaeus Male 2949 12636 12636.2
Mandrillus leucophaeus Male 2949 12636 12636.3
Mandrillus leucophaeus Male 2949 12636 12636.4
Microcebus murinus Male 2549 8918 8918.1
Sex Age at time of  x-ray (days) ARKS number Image nameSpecies
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Microcebus murinus Male 3136 8918 8918.2
Microcebus murinus Male 3151 8918 8918.3
Microcebus murinus Male 3179 8918 8918.4
Microcebus murinus Male 3179 8918 8918.5
Microcebus murinus Female 1104 8922 8922.1
Microcebus murinus Female 1104 8922 8922.2
Microcebus murinus Female 1350 8922 8922.3
Microcebus murinus Male 1989 9064 9064.1
Microcebus murinus Male 1989 9064 9064.2
Microcebus murinus Female 369 11191 11191.1
Microcebus murinus Female 180 11191 11191.2
Microcebus murinus Female 180 11191 11191.3
Microcebus murinus Female 180 11192 11192.1
Microcebus murinus Female 180 11192 11192.2
Microcebus murinus Female 180 11192 11192.3
Microcebus murinus Male 219 11465 11465.1
Microcebus murinus Male 219 11465 11465.2
Microcebus murinus Male 262 11901 11901.1
Microcebus murinus Male 262 11901 11901.2
Microcebus murinus Female 262 11904 11904.1
Microcebus murinus Female 262 11904 11904.2
Microcebus murinus Female 262 11941 11941.1
Microcebus murinus Female 262 11941 11941.2
Microcebus murinus Female 262 11942 11942.1
Microcebus murinus Female 262 11942 11942.2
Nycticebus pygmaeus Male 4749 2782 2782.1
Nycticebus pygmaeus Male 4749 2782 2782.2
Nycticebus pygmaeus Male 4603 2782 2782.3
Nycticebus pygmaeus Male 4603 2782 2782.4
Nycticebus pygmaeus Male 4603 2782 2782.5
Nycticebus pygmaeus Male 4603 2782 2782.6
Sex Age at time of  x-ray (days) ARKS number Image nameSpecies
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Nycticebus pygmaeus Female 165 2818 2818.1
Nycticebus pygmaeus Female 550 2818 2818.2
Nycticebus pygmaeus Female 550 2818 2818.3
Nycticebus pygmaeus Female 837 2818 2818.4
Nycticebus pygmaeus Female 837 2818 2818.5
Nycticebus pygmaeus Female 1544 2818 2818.6
Nycticebus pygmaeus Female 1544 2818 2818.7
Nycticebus pygmaeus Female 2505 2818 2818.8
Nycticebus pygmaeus Female 2505 2818 2818.9
Nycticebus pygmaeus Female 2645 2818 2818.10
Nycticebus pygmaeus Female 3014 2818 2818.11
Nycticebus pygmaeus Female 3014 2818 2818.12
Nycticebus pygmaeus Female 3387 2818 2818.13
Nycticebus pygmaeus Female 3387 2818 2818.14
Nycticebus pygmaeus Female 165 2819 2819.1
Nycticebus pygmaeus Female 165 2819 2819.2
Nycticebus pygmaeus Female 550 2819 2819.3
Nycticebus pygmaeus Female 550 2819 2819.4
Nycticebus pygmaeus Female 816 2819 2819.5
Nycticebus pygmaeus Female 816 2819 2819.6
Nycticebus pygmaeus Female 837 2819 2819.7
Nycticebus pygmaeus Female 837 2819 2819.8
Nycticebus pygmaeus Male 3888 8119 8119.1
Nycticebus pygmaeus Male 3888 8119 8119.2
Nycticebus pygmaeus Male 3888 8119 8119.3
Nycticebus pygmaeus Male 3888 8119 8119.4
Nycticebus pygmaeus Male 3717 8119 8119.5
Nycticebus pygmaeus Male 3717 8119 8119.6
Nycticebus pygmaeus Male 3717 8119 8119.7
Nycticebus pygmaeus Male 3717 8119 8119.8
Nycticebus pygmaeus Male 244 8592 8592.1
Sex Age at time of  x-ray (days) ARKS number Image nameSpecies
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Nycticebus pygmaeus Male 244 8592 8592.2
Nycticebus pygmaeus Male 274 8592 8592.3
Nycticebus pygmaeus Male 274 8592 8592.4
Nycticebus pygmaeus Male 1128 8592 8592.5
Nycticebus pygmaeus Male 1128 8592 8592.6
Nycticebus pygmaeus Male 1177 8592 8592.7
Nycticebus pygmaeus Male 1177 8592 8592.8
Nycticebus pygmaeus Male 1177 8592 8592.9
Nycticebus pygmaeus Male 1177 8592 8592.10
Nycticebus pygmaeus Male 1581 9351 9351.1
Nycticebus pygmaeus Male 1581 9351 9351.2
Nycticebus pygmaeus Male 1581 9351 9351.3
Nycticebus pygmaeus Male 1581 9351 9351.4
Nycticebus pygmaeus Male 5378 130593 130593.1
Nycticebus pygmaeus Male 5378 130593 130593.2
Pithecia pithecia Unknown 143 2855 2855.1
Pithecia pithecia Unknown 143 2855 2855.2
Pithecia pithecia Unknown 143 2855 2855.3
Pithecia pithecia Unknown 143 2855 2855.4
Pithecia pithecia Unknown 143 2855 2855.5
Pithecia pithecia Female 552 7676 7676.1
Pithecia pithecia Female 552 7676 7676.2
Pithecia pithecia Male 4125 8567 8567.1
Pithecia pithecia Male 4125 8567 8567.2
Pithecia pithecia Male 4125 8567 8567.3
Pithecia pithecia Male 4125 8567 8567.4
Pithecia pithecia Male 4125 8567 8567.5
Pithecia pithecia Male 4125 8567 8567.6
Pithecia pithecia Male 4125 8567 8567.7
Pithecia pithecia Male 4580 8567 8567.8
Pithecia pithecia Male 4580 8567 8567.9
Sex Age at time of  x-ray (days) ARKS number Image nameSpecies
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Pithecia pithecia Male 4580 8567 8567.10
Pithecia pithecia Male 4580 8567 8567.11
Pithecia pithecia Male 4580 8567 8567.12
Pithecia pithecia Male 221 8726 8726.1
Pithecia pithecia Male 221 8726 8726.2
Pithecia pithecia Male 221 8726 8726.3
Pithecia pithecia Male 1152 8726 8726.4
Pithecia pithecia Male 1152 8726 8726.5
Pithecia pithecia Male 1152 8726 8726.6
Pithecia pithecia Male 1152 8726 8726.7
Pithecia pithecia Male 840 10646 10646.1
Pithecia pithecia Male 840 10646 10646.2
Pithecia pithecia Male 840 10646 10646.3
Pithecia pithecia Male 840 10646 10646.4
Pithecia pithecia Male 840 10646 10646.5
Pithecia pithecia Male 485 11180 11180.1
Pithecia pithecia Male 485 11180 11180.2
Pithecia pithecia Male 485 11180 11180.3
Pithecia pithecia Male 485 11180 11180.4
Pithecia pithecia Male 485 11180 11180.5
Pithecia pithecia Male 946 11180 11180.6
Pithecia pithecia Male 946 11180 11180.7
Pithecia pithecia Male 946 11180 11180.8
Pithecia pithecia Male 946 11180 11180.9
Pithecia pithecia Male 599 11684 11684.1
Pithecia pithecia Male 599 11684 11684.2
Pithecia pithecia Male 599 11684 11684.3
Pithecia pithecia Male 599 11684 11684.4
Pithecia pithecia Male 599 11684 11684.5
Pithecia pithecia Male 272 11684 11684.6
Pithecia pithecia Male 272 11684 11684.7
Sex Age at time of  x-ray (days) ARKS number Image nameSpecies
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Pithecia pithecia Male 565 11684 11684.8
Pithecia pithecia Male 565 11684 11684.9
Pithecia pithecia Male 565 11684 11684.10
Pithecia pithecia Male 565 11684 11684.11
Saimiri sciureus sciureus Female 2930 2358 2358.1
Saimiri sciureus sciureus Female 2930 2358 2358.2
Saimiri sciureus sciureus Female 3731 2358 2358.3
Saimiri sciureus sciureus Female 3731 2358 2358.4
Saimiri sciureus sciureus Female 3731 2358 2358.5
Saimiri sciureus sciureus Female 1137 2630 2630.1
Saimiri sciureus sciureus Female 959 2630 2630.2
Saimiri sciureus sciureus Female 959 2630 2630.3
Saimiri sciureus sciureus Female 1372 2630 2630.4
Saimiri sciureus sciureus Female 1372 2630 2630.5
Saimiri sciureus sciureus Female 1409 2630 2630.6
Saimiri sciureus sciureus Female 2247 2630 2630.7
Saimiri sciureus sciureus Female 2247 2630 2630.8
Saimiri sciureus sciureus Female 2247 2630 2630.9
Saimiri sciureus sciureus Female 2450 2630 2630.10
Saimiri sciureus sciureus Female 3010 2630 2630.11
Saimiri sciureus sciureus Female 3010 2630 2630.12
Saimiri sciureus sciureus Female 3010 2630 2630.13
Saimiri sciureus sciureus Female 3010 2630 2630.14
Saimiri sciureus sciureus Female 3528 2630 2630.15
Saimiri sciureus sciureus Male 934 2637 2637.1
Saimiri sciureus sciureus Male 934 2637 2637.2
Saimiri sciureus sciureus Male 1328 2637 2637.3
Saimiri sciureus sciureus Male 1328 2637 2637.4
Saimiri sciureus sciureus Male 1328 2637 2637.5
Saimiri sciureus sciureus Male 1328 2637 2637.6
Saimiri sciureus sciureus Female 4661 2718 2718.1
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Saimiri sciureus sciureus Female 4661 2718 2718.2
Saimiri sciureus sciureus Female 1028 2720 2720.1
Saimiri sciureus sciureus Female 1028 2720 2720.2
Saimiri sciureus sciureus Female 1219 2720 2720.3
Saimiri sciureus sciureus Female 1219 2720 2720.4
Saimiri sciureus sciureus Female 1877 2720 2720.5
Saimiri sciureus sciureus Female 1877 2720 2720.6
Saimiri sciureus sciureus Female 1877 2720 2720.7
Saimiri sciureus sciureus Female 2106 2720 2720.8
Saimiri sciureus sciureus Female 3184 2720 2720.9
Saimiri sciureus sciureus Female 3781 2720 2720.10
Saimiri sciureus sciureus Female 3781 2720 2720.11
Saimiri sciureus sciureus Male 588 2724 2724.1
Saimiri sciureus sciureus Male 588 2724 2724.2
Saimiri sciureus sciureus Male 308 2874 2874.1
Saimiri sciureus sciureus Male 308 2874 2874.2
Saimiri sciureus sciureus Male 308 2874 2874.3
Saimiri sciureus sciureus Male 118 7779 7779.1
Saimiri sciureus sciureus Male 118 7779 7779.2
Saimiri sciureus sciureus Male 342 7779 7779.3
Saimiri sciureus sciureus Male 342 7779 7779.4
Saimiri sciureus sciureus Female 311 7903 7903.1
Saimiri sciureus sciureus Female 311 7903 7903.2
Saimiri sciureus sciureus Female 1629 7903 7903.3
Saimiri sciureus sciureus Female 2460 7903 7903.4
Saimiri sciureus sciureus Female 2616 7903 7903.5
Saimiri sciureus sciureus Female 2616 7903 7903.6
Saimiri sciureus sciureus Female 311 7904 7904.1
Saimiri sciureus sciureus Female 311 7904 7904.2
Saimiri sciureus sciureus Female 2616 7904 7904.3
Saimiri sciureus sciureus Female 2616 7904 7904.4
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Saimiri sciureus sciureus Female 2616 7904 7904.5
Saimiri sciureus sciureus Male 310 7905 7905.1
Saimiri sciureus sciureus Male 310 7905 7905.2
Saimiri sciureus sciureus Male 501 7905 7905.3
Saimiri sciureus sciureus Male 501 7905 7905.4
Saimiri sciureus sciureus Male 1458 7905 7905.5
Saimiri sciureus sciureus Male 1458 7905 7905.6
Saimiri sciureus sciureus Male 1458 7905 7905.7
Saimiri sciureus sciureus Male 1458 7905 7905.8
Saimiri sciureus sciureus Female 399 8387 8387.1
Saimiri sciureus sciureus Female 399 8387 8387.2
Saimiri sciureus sciureus Female 215 8563 8563.1
Saimiri sciureus sciureus Female 215 8563 8563.2
Saimiri sciureus sciureus Female 488 8563 8563.3
Saimiri sciureus sciureus Female 488 8563 8563.4
Saimiri sciureus sciureus Female 493 8563 8563.5
Saimiri sciureus sciureus Female 1368 8563 8563.6
Saimiri sciureus sciureus Female 1851 8563 8563.7
Saimiri sciureus sciureus Female 2007 8563 8563.8
Saimiri sciureus sciureus Male 820 8908 8908.1
Saimiri sciureus sciureus Male 820 8908 8908.2
Saimiri sciureus sciureus Male 820 8908 8908.3
Saimiri sciureus sciureus Male 1195 8908 8908.4
Saimiri sciureus sciureus Male 1195 8908 8908.5
Saimiri sciureus sciureus Male 1226 8908 8908.6
Saimiri sciureus sciureus Male 1226 8908 8908.7
Saimiri sciureus sciureus Male 1226 8908 8908.8
Saimiri sciureus sciureus Male 1226 8908 8908.9
Saimiri sciureus sciureus Male 1226 8908 8908.10
Saimiri sciureus sciureus Male 1226 8908 8908.11
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Saimiri sciureus sciureus Male 1257 8908 8908.12
Saimiri sciureus sciureus Male 1257 8908 8908.13
Saimiri sciureus sciureus Male 829 8909 8909.1
Saimiri sciureus sciureus Male 829 8909 8909.2
Saimiri sciureus sciureus Male 829 8909 8909.3
Saimiri sciureus sciureus Male 1674 8909 8909.4
Saimiri sciureus sciureus Female 506 9185 9185.1
Saimiri sciureus sciureus Female 210 9195 9195.1
Saimiri sciureus sciureus Female 210 9195 9195.2
Saimiri sciureus sciureus Female 910 9195 9195.3
Saimiri sciureus sciureus Female 259 9526 9526.1
Saimiri sciureus sciureus Female 256 9542 9542.1
Saimiri sciureus sciureus Male 200 9562 9562.1
Saimiri sciureus sciureus Male 181 9565 9565.1
Saimiri sciureus sciureus Male 181 9565 9565.2
Saimiri sciureus sciureus Male 195 9565 9565.3
Saimiri sciureus sciureus Female 1344 9840 9840.1
Saimiri sciureus sciureus Female 218 9850 9850.1
Saimiri sciureus sciureus Female 218 9850 9850.2
Saimiri sciureus sciureus Female 218 9850 9850.3
Saimiri sciureus sciureus Female 545 9850 9850.4
Saimiri sciureus sciureus Female 545 9850 9850.5
Saimiri sciureus sciureus Female 545 9850 9850.6
Saimiri sciureus sciureus Female 545 9850 9850.7
Saimiri sciureus sciureus Female 545 9850 9850.8
Saimiri sciureus sciureus Female 545 9850 9850.9
Saimiri sciureus sciureus Female 201 9861 9861.1
Saimiri sciureus sciureus Female 201 9861 9861.2
Saimiri sciureus sciureus Female 201 9861 9861.3
Saimiri sciureus sciureus Female 201 9861 9861.4
Sex Age at time of  x-ray (days) ARKS number Image nameSpecies
168
Saimiri sciureus sciureus Female 201 9861 9861.5
Saimiri sciureus sciureus Male 220 9915 9915.1
Saimiri sciureus sciureus Male 220 9915 9915.2
Saimiri sciureus sciureus Male 220 9915 9915.3
Saimiri sciureus sciureus Male 220 9915 9915.4
Saimiri sciureus sciureus Male 232 9915 9915.5
Saimiri sciureus sciureus Male 477 9915 9915.6
Saimiri sciureus sciureus Male 477 9915 9915.7
Saimiri sciureus sciureus Male 477 9915 9915.8
Saimiri sciureus sciureus Male 1198 9915 9915.9
Saimiri sciureus sciureus Male 1198 9915 9915.10
Saimiri sciureus sciureus Male 1198 9915 9915.11
Saimiri sciureus sciureus Male 1198 9915 9915.12
Saimiri sciureus sciureus Male 1261 9915 9915.13
Saimiri sciureus sciureus Male 1254 9915 9915.14
Saimiri sciureus sciureus Male 1254 9915 9915.15
Saimiri sciureus sciureus Male 1254 9915 9915.16
Saimiri sciureus sciureus Male 1254 9915 9915.17
Saimiri sciureus sciureus Male 1086 9915 9915.18
Saimiri sciureus sciureus Male 1086 9915 9915.19
Saimiri sciureus sciureus Male 1086 9915 9915.20
Saimiri sciureus sciureus Male 1086 9915 9915.21
Saimiri sciureus sciureus Male 1086 9915 9915.22
Saimiri sciureus sciureus Male 1086 9915 9915.23
Saimiri sciureus sciureus Male 207 9919 9919.1
Saimiri sciureus sciureus Male 207 9919 9919.2
Saimiri sciureus sciureus Male 207 9919 9919.3
Saimiri sciureus sciureus Male 207 9919 9919.4
Saimiri sciureus sciureus Male 207 9919 9919.5
Saimiri sciureus sciureus Male 1185 9919 9919.6
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Saimiri sciureus sciureus Male 1185 9919 9919.7
Saimiri sciureus sciureus Male 1185 9919 9919.8
Saimiri sciureus sciureus Male 1185 9919 9919.9
Saimiri sciureus sciureus Male 2312 11658 11658.1
Saimiri sciureus sciureus Male 1584 11658 11658.2
Saimiri sciureus sciureus Male 1584 11658 11658.3
Saimiri sciureus sciureus Male 383 12117 12117.1
Saimiri sciureus sciureus Male 383 12117 12117.2
Saimiri sciureus sciureus Male 163 12826 12826.1
Saimiri sciureus sciureus Male 163 12826 12826.2
Saimiri sciureus sciureus Female 312 130369 130369.1
Saimiri sciureus sciureus Female 312 130369 130369.2
Saimiri sciureus sciureus Female 291 130443 130443.1
Saimiri sciureus sciureus Female 291 130443 130443.2
Saimiri sciureus sciureus Female 281 130448 130448.1
Trachypithecus auratus Female 4997 2847 2847.1
Trachypithecus auratus Female 4997 2847 2847.2
Trachypithecus auratus Female 4997 2847 2847.3
Trachypithecus auratus Female 1233 2848 2848.1
Trachypithecus auratus Female 1233 2848 2848.2
Trachypithecus auratus Female 1658 2848 2848.3
Trachypithecus auratus Female 1658 2848 2848.4
Trachypithecus auratus Female 1658 2848 2848.5
Trachypithecus auratus Female 1658 2848 2848.6
Trachypithecus auratus Female 1658 2848 2848.7
Trachypithecus auratus Female 3135 2848 2848.8
Trachypithecus auratus Female 1233 2848 2848.9
Trachypithecus auratus Female 3157 2848 2848.10
Trachypithecus auratus Female 3157 2848 2848.11
Trachypithecus auratus Female 3157 2848 2848.12
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Trachypithecus auratus Female 3157 2848 2848.13
Trachypithecus auratus Female 3157 2848 2848.14
Trachypithecus auratus Female 3157 2848 2848.15
Trachypithecus auratus Female 3157 2848 2848.16
Trachypithecus auratus Female 3157 2848 2848.17
Trachypithecus auratus Female 3157 2848 2848.18
Trachypithecus auratus Female 3157 2848 2848.19
Trachypithecus auratus Female 3157 2848 2848.20
Trachypithecus auratus Female 3915 2848 2848.21
Trachypithecus auratus Female 3915 2848 2848.22
Trachypithecus auratus Female 3915 2848 2848.23
Trachypithecus auratus Female 3915 2848 2848.24
Trachypithecus auratus Female 4041 2848 2848.25
Trachypithecus auratus Female 4041 2848 2848.26
Trachypithecus auratus Female 4097 2848 2848.27
Trachypithecus auratus Female 4097 2848 2848.28
Trachypithecus auratus Female 4097 2848 2848.29
Trachypithecus auratus Female 4097 2848 2848.30
Trachypithecus auratus Female 4889 2848 2848.31
Trachypithecus auratus Female 5005 2848 2848.32
Trachypithecus auratus Female 5005 2848 2848.33
Trachypithecus auratus Female 5005 2848 2848.34
Trachypithecus auratus Unknown Unknown 2848 (mother’s 
ARKS number)
2848.35
Trachypithecus auratus Unknown Unknown 2848 (mother’s 
ARKS number)
2848.36
Trachypithecus auratus Female 674 8680 8680.1
Trachypithecus auratus Female 674 8680 8680.2
Trachypithecus auratus Female 674 8680 8680.3
Trachypithecus auratus Female 674 8680 8680.4
Trachypithecus auratus Female 674 8680 8680.5
Trachypithecus auratus Female 674 8680 8680.6
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Trachypithecus auratus Female 674 8680 8680.7
Trachypithecus auratus Female 1396 8680 8680.8
Trachypithecus auratus Female 1396 8680 8680.9
Trachypithecus auratus Female 1396 8680 8680.10
Trachypithecus auratus Female 1396 8680 8680.11
Trachypithecus auratus Female 1396 8680 8680.12
Trachypithecus auratus Female 1396 8680 8680.13
Trachypithecus auratus Female 1930 8680 8680.14
Trachypithecus auratus Female 1930 8680 8680.15
Trachypithecus auratus Female 1930 8680 8680.16
Trachypithecus auratus Female 1930 8680 8680.17
Trachypithecus auratus Female 1930 8680 8680.18
Trachypithecus auratus Female 1930 8680 8680.19
Trachypithecus auratus Male 458 8821 8821.1
Trachypithecus auratus Male 458 8821 8821.2
Trachypithecus auratus Male 458 8821 8821.3
Trachypithecus auratus Male 458 8821 8821.4
Trachypithecus auratus Male 458 8821 8821.5
Trachypithecus auratus Male 458 8821 8821.6
Trachypithecus auratus Male 1210 8821 8821.7
Trachypithecus auratus Male 1210 8821 8821.8
Trachypithecus auratus Male 1210 8821 8821.9
Trachypithecus auratus Male 1210 8821 8821.10
Trachypithecus auratus Male 1377 8821 8821.11
Trachypithecus auratus Male 1377 8821 8821.12
Trachypithecus auratus Male 1377 8821 8821.13
Trachypithecus auratus Male 1377 8821 8821.14
Trachypithecus auratus Male 1377 8821 8821.15
Trachypithecus auratus Male 1377 8821 8821.16
Trachypithecus auratus Male 1377 8821 8821.17
Trachypithecus auratus Male 1377 8821 8821.18
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Trachypithecus auratus Male 1377 8821 8821.19
Trachypithecus auratus Male 1377 8821 8821.20
Trachypithecus auratus Male 1377 8821 8821.21
Trachypithecus auratus Male 1377 8821 8821.22
Trachypithecus auratus Male 1377 8821 8821.23
Trachypithecus auratus Male 1377 8821 8821.24
Trachypithecus auratus Male 1377 8821 8821.25
Trachypithecus auratus Male 1377 8821 8821.26
Trachypithecus auratus Male 1377 8821 8821.27
Trachypithecus auratus Male 1377 8821 8821.28
Trachypithecus auratus Male 1560 9434 9434.1
Trachypithecus auratus Male 1560 9434 9434.2
Trachypithecus auratus Male 1560 9434 9434.3
Trachypithecus auratus Male 1560 9434 9434.4
Trachypithecus auratus Female 1028 9917 9917.1
Trachypithecus auratus Female 1028 9917 9917.2
Trachypithecus auratus Female 1028 9917 9917.3
Trachypithecus auratus Female 1028 9917 9917.4
Sex Age at time of  x-ray (days) ARKS number Image nameSpecies
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Appendix D 
Potentially Pathological Infants, Deceased Neonates and In Utero Radiographs 
“Studies of  prenatal developmental mechanisms are necessary to complete our understanding” (Percival et al. 
2017: 27), and it is hoped that the descriptions here will add to the academic understanding of  the 
development of  the skeleton of  nonhuman primates prior to birth. The dataset includes several radiographs 
of  academic interest, which are not suitable for previous chapters. These consist of  x-rays depicting in utero 
fetuses (unsuitable for prior description due to the lack of  exact information regarding the age of  the fetus), 
aborted fetuses and neonatal postmortems, which are described separately due to it being unknown whether 
the cause of  their mortality impacted upon their skeletal development. Primate fetal specimens are rare and 
often not available for study (Percival et al. 2017: 27). Any known information regarding age and cause of  
death (where applicable) will be described, as will the development of  the dentition and epiphyses.  
While the use of  radiographs for analysis of  non-human primate skeletal development is unusual, it has 
previously been conducted upon fetal cadavers of  Callimico goeldii. The data from Bristol Zoological Gardens 
includes a radiograph of  an in-utero C. goeldii, and therefore this description will form the initial discussion. 
The other example of  a potentially healthy infant prior to birth is found among the radiographs of  the Agile 
gibbon, and will therefore be the second example described. The dataset from Leontopithecus chrysomelas 
includes several aborted fetuses and will be discussed subsequently. Finally, the neonatal and infant 
postmortems will be described, being examples of  T. auratus and G. g. gorilla. Finally, an Alouatta caraya infant 
post-mortem is described. This individual is known to have suffered from a metabolic bone disease which 
impacted his skeletal development. 
Callimico goeldii 
The mother is 622 days old at the time of  the radiograph. The image is a section of  the full radiograph 
(figure D.1). Examination of  the associated veterinary notes suggests that the x-ray was taken 2 - 3 days prior 
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to birth, which occurred overnight, and that the infant was found dead in the enclosure the following 
morning. No postmortem radiographs are present, and no comment is made on the cause of  death. The sex 
of  the infant was not ascertained. 
The scale of  the radiograph (a fetus of  a small-bodied primate) makes precise analysis difficult. The presence, 
or otherwise, of  the dentition within the jaw is difficult to ascertain, however lighter areas may indicate the 
presence of  the enamel of  the incisors in both the upper and lower jaw, as well as the canine or premolar 
within the maxilla. There is no indication that the epiphyses have begun to form at any of  the ossification 
points, although it is not clear in all cases. 
Hylobates agilis 
The veterinary notes associated with this radiograph (figure D.2) indicate that it was taken due to the female 
having difficulties giving birth. The male infant was delivered by caesarean section, but was found to be 
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Figure D.1: Radiograph of  an in utero C. goeldii fetus
unresponsive and therefore euthanised. It is unknown whether this was due to pre-existing pathology of  the 
infant, or problems in birth. 
The unusual position of  the cranium compared to the plane of  the radiograph makes it difficult to analyse 
the dentition, however there does not appear to be any present within either the maxilla or the mandible. 
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Figure D.2: Radiograph of  a H. agilis infant during a problematic birth
The superposition of  the mothers spine on the image of  the infant makes long-bone analysis difficult also, 
but as far as can be ascertained no epiphyses are present. 
Leontopithecus chrysomelas 
There are three radiographs of  Golden-headed lion tamarins which will be described here. The first is of  an 
infant of  unknown sex (figure D.3), believed to be several weeks premature due to the lack of  body hair. The 
second (figure D.4) is a full term infant of  unknown sex, who was born through caesarean section but found 
to be still-born. It is not known whether this was due to, or the cause of, the birth difficulties that necessitated 
surgery. The third (figure D.5) is one of  triplet foetuses aborted early; although they are at an unknown age, 
all three were approximately 33% of  normal birth weight, and therefore believed to be at an early stage of  
development. The cause of  the miscarriage is unknown, although the veterinary notes suggest that it was due 
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Figure D.3: L. chrysomelas fetus
to the presence of  triplets (where callitrichidae usually produce twins). Maternal disease is also cited as a 
possible cause. No indication is given of  the presence of  pathology in the fetuses which may have resulted in 
their termination. Two of  the fetuses were male, and one female, but it is not known which is depicted in the 
radiograph. Radiographs of  two of  the fetuses are not present. 
The first radiograph is fantastically clear, and shows a total lack of  dentition within the jaw, or of  epiphyses; 
although post-mortem damage means that several skeletal elements are not present. The second radiograph, 
full-term, shows the presence of  incisors (upper and lower) within the gingival layer, and premolars within the 
mandible. This radiograph very clearly demonstrates the lack of  epiphysis formation in the long bones, 
pelvis, or vertebrae. It is not possible to ascertain whether any of  the dentition in the third radiograph has 
begun to form. As far as can be discerned, the epiphyses are not present. 
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Figure D.4: L. chrysomelas fetus
Trachypithecus auratus 
There are two radiographs of  a single deceased neonate (Figures D.6 and D.7). It is believed to have been 
still-born, and the veterinary notes suggest that it was not full-term, as it had no fingernails, and very little fur. 
The exact age is unknown, as is the cause of  death. The first image is unclear regarding the dentition, despite 
the angle of  the image. There is some suggestion of  teeth within the mandible, but it is not clear. The 
epiphysis of  the right distal humerus appears to have begun to form. No other epiphyses are visible. The 
second radiograph is also unclear in regard to the dentition. The exposure makes it impossible to confirm the 
presence of  the epiphysis of  the right distal humerus. No other epiphyses are visible. The third radiograph 
shows incisors present within both the mandible and maxilla, although it is not possible to ascertain whether 
they have erupted into the gingival layer. No epiphyses are visible, including in the right distal humerus. 
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Figure D.5: L. chrysomelas fetus
Gorilla gorilla gorilla 
There are four radiographs of  a single infant post-mortem (figures D.8 to D.11). They are included in this 
chapter as the cause of  death is unknown, and therefore it cannot be stated with certainty that it did not 
impact the skeletal development of  the infant. The gorilla was two days old at the time of  death. The 
radiographs are very clear. The first shows the lower body and limbs. The epiphyses are not present in the 
femur or tibia, although the related cartilage is visible. The second radiograph also shows the lower half  of  
the body, but from a different angle. The overlaying of  the limbs makes it harder to ascertain the 
development of  the joints, but no ossified epiphyses are apparent. The third x-ray depicts the upper half  of  
the animal’s body. There is some suggestion of  ossification of  the humeral epiphyses (but not the radius), 
although this is uncertain and may be dense cartilage. The position of  the cranium makes description of  the 
dentition impossible. The fourth and final radiograph again depicts the upper half  of  the body. The proximal 
humerus is unclear, but there is again some indication of  ossification at the distal humerus. There is no bone 
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Figure D.6: T. auratus fetus Figure D.7: T. auratus fetus
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Figure D.8: Radiograph of  a G. g. gorilla infant post mortem
Figure D.9: Radiograph of  a G. g. gorilla infant post mortem
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Figure D.10: Radiograph of  a G. g. gorilla infant post mortem
Figure D.11: Radiograph of  a G. g. gorilla infant post mortem
epiphysis visible in the radius. The crowns of  the canines and incisors are clearly visible below the gingival 
layer, and there is some suggestion of  the premolars, although these are only faintly apparent. 
Alouatta caraya 
The radiographs of  an infant Howler monkey depict an individual known to have suffered from metabolic 
bone disease, which indirectly led to its death. The individual was 178 days old when it died, due to a fall. 
The first radiograph (figure D.12) shows both the long bones and dentition with relative clarity. The distal 
femur is at Stage 2, the distal humerus at Stage 1, the proximal radius and tibia have achieved Stage 2, whilst 
the distal ends of  these bones have fully formed, but unfused epiphyses (Stage 3). The deciduous dentition 
appears to have erupted beyond the gingival layer, and the crowns of  the molars are clearly visible within 
both the mandible and maxilla. The second radiograph (Figure D.13) does not include the dentition, but 
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Figure D.12: Radiograph of  a A. caraya infant post mortem
clearly depicts the long bones. However, deformity makes the tibia impossible to accurately describe. The 
proximal humerus is at Stage 1, the distal femur is at Stage 2, as is the proximal radius and tibia. 
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Figure D.13: Radiograph of  a A. caraya infant post mortem
Appendix E 
DVD of  Radiographs
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